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(2) −− SS scheduling

0 0.1 0.2 0.3 0.4 0.5
15

20

25

30

35

40

Channel packet loss error, ε

P
la

yb
ac

k 
qu

al
ity

, P
S

N
R

 (
dB

)

Channel bandwidth = 670 KBits
Start−up delay = 200 ms 
RTT = 200 ms 
Packet size = 512 bytes 

(1) −− Proposed ERDBS scheduling
(2) −− SS scheduling

_ =/a _ - a

0 200 400 600 800 1000
30

30.5

31

31.5

32

32.5

33

33.5

34

Start−up delay (ms)

P
la

yb
ac

k 
qu

al
ity

, P
S

N
R

 (
dB

)

Channel bandwidth = 670 KBits
Channel packet loss rate = 0.2
RTT = 200 ms 
Packet size = 512 bytes 

(1) −− Proposed ERDBS scheduling
(2) −− SS scheduling
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(1) −− Proposed ERDBS scheduling
(2) −− SS scheduling

_ Eja _ F a
�[< ;Z547 A r B]K 	 � 1 A E 3 V q = 7 <@? 36:'3ZY
q R>= .�- =2E Z \ 5 =ZR>< B . _ D �8���#a 5 ?9< :4; q47936q�3 ?CAEF �`�
"ML^�
= : F �8� =ZR ;6367 < BH1 V��`< : GZ= 7 < 3Z5 ? E 36: F4< B < 36: ?E� ? 5 E 1 =Z? - = : F X <>F B91 �"E 1 = :8: AER q =2E Z A B R 3 ?9?
7 = B AZ�^? B = 7(B R 58q F4AER>= . = : F 793Z54: F B97 < qOB <@V A B 	 : V 3 ? B EE=Z?9AG? BH1 A q RQ= . - =2E Z \ 5 =ZR@< B . 3ZY
�,�#"ML^� 365�BHq A 7CY]3Z7 VW? BH1 A 7 A ;65 R>= 7 �4� F4AER@<DG6A 7 . =SR ;6367 < B91 V = 793658: F r F1L B

Khc



��� ���g��� � �

� � � � �
	���� � � � � � � � � � � � � �C� � ��� � � � � � � � � � � � �

� �	��� � � �H� � ��� �

� 
�� � ��� � ��� � �"� � ���

	 :/B A 7 AE? B < :�q47C38a .W- =S?9AEF Ej=2E 1 < :4;�1 =Z?`< : E 7 AE=Z?9AGF X < BH1�BH1 A ;6793.X^B91 < : 	 :/B A 79: A BXB97 = � E#= : F

BH1 A
< : < B <>=ZR 7 AE?CAj= 7 E 1 < :mBH1 <>?`= 7 AE= _ A B ; B � X < BH1 < :WB91 A�
#= 7 GZAE? B q47C3 � A7E B
* ACA . a 1 =Z?,\ 5 <FE Z R . R@AEF

BH3 BH1 AWF4A-G6AER 36q VWA :/B 3ZY E 3 V VWA 7 EE<>=ZR q47C3 F 5 E B ? = : FlE 3Z:dB < :d5 < :4;�7 AE?CAj= 7 E 1 =2E B <DG < B . _ A B ; B �

* o O � `r_ � `C` � _2c � KCK � o K . a B � 1 A ;67 Aj= B V = � 367 < B . 3ZY 7 A7EGA :/B�7 AE?CAj= 7 E 1 = : F�F4A�GZAER 3Zq V A :/B�36:

q47938a . EE=2E 1 < :4;�1 =Z? Y]3 E 5 ?9AGF 3Z: B A�E 14: <>\ 5 AG? BH1 = B Ej= :m1 = : F4R@A ; A : A 7 <FE X A - 3 -�� A�E B ? � =ZV 36:4;

BH1 A , Ej=2E 1 Aj= - R@A . 3 -�� A7E B ? :43 F4<>? B < : E B < 36: <@?XV =ZF4A - A BYX AGA : �U?9= . �4= : 
#�
�+� B A a B TUR>A�= : F

= \6D �`� <>V = ; A B �#? 7 Aj=ZR R B <@V A ? BH7 Aj=ZVW< :8; G <@F4A 3 <>? - A7E 3 V < :4; =�?C< ;6: < T1Ej= :dB`q47C36q�367CB < 36:m3ZY

: A BYXX367[Z�BH7 = � Em= : F2� ; <SG6A :�BH1 A R>= 79; A FU= B = G 3 R 5 VWAE?#< : G 3 RDG6AGF = : F < B ? GZ= 7 <Q= - R>A R - < B R 7 = B A

_ M	L!��a : = BH547 AZ�dA�GZA : = Y A X%q�36q45 R>= 7 G <>F8A 3 = q4q R@<FEj= B < 3Z: ?,EE= : 7 AE? 5 R B < :Wq�3ZB A :/B <>=ZR : A BYX 3Z7vZ

E 36:8; AE? B < 3Z: q47C3 - R@AEVW? B � 1 A E 36:4; AG? B < 36: Ej= : Ej= 5 ?9A :43ZB`36: R . q =bE Z A B R 3 ?C?E� - 5�B =SR>? 3&q =bE Z A B

KrO



F4AER>= . ?G� X�1 <DE 1 F4A ;67 =SF4A BH1 A G <>F4A 3 q RQ= . - =2E Z \ 5 =ZR@< B . F 7 =ZV = B <DEj=ZR@R . _ ?C< : EGA BH1 A q =2E Z A B ?

BH1 = B = 797 <DG6A�= Y B A 7!B91 AE< 7^q RQ= . - =2E Z B <>VWA�= 7 A 5 ?9AER@AE?C?fa B

	 :�B91 <>?"E 1 = q8B A 7�X A Y]3 E 5 ? 3Z: B91 AJEj=2E 1 < :4;Wq4793 - R>AGV ? q A7EG<@T1EE=ZR>R . Y]367 ? BH7 Aj=ZVW< :4; G <@F4A 3

3 -�� A�E B ? B � 3 VWA 7 A7EEA :/BtXX367vZ 1 =Z? q47C36q 3 ?9AEF BH1 = B 1 =8G < :4; Ej=bE 1 < :4; ? B97 = B A ; <@AE? X�1 <FE 1 = 7 A

? q A7EG<@T1E Y]3Z7#q = 7CB <DE 5 R>= 7�B . q AE? 3ZY,3 -�� A�E B ? Ej= :�1 AER q <>V q4793 G < :4;WBH1 A 3 G6A 7 =ZR>R q A 7CY]3Z7 V = : EEA B

	 : q = 7(B <DE 5 R>= 7 � Y]367 ? 3 VWA 3 -�� A7E B ?G�6< B <>? q�3 ?9?C< - R@A B93�q A 7(Y]367 V ,Cq = 7CB <Q=ZRrEE=2E 1 < :8;>. � X�1 A 7 A 36: R .

q = 7(B&3ZYXB91 A 3 -�� A�E B ? = 7 Am? B9367 AGF 3Z: B91 A q47938a . ��=Z? 36q8q 3 ?CAEF BH3 B91 A , E 3 V q R@A B AtEj=2E 1 < :4;>.

X�1 A 7 A B91 A 3 -�� A7E B ?X= 7 A
? B9367 AGF E 3 V q R@A B AER . B � : A a =SV q R@A Ej= : - A Y]3654: FW< : , ? 3ZY B Ej=2E 1 < :4;>.

Y]367 <>V = ; AE? _ * c2O � o ` � P o . a B � q4q47C3 =2E 1 AG? Y]367�q = 7CB <Q=ZR EE=2E 1 < :4;+Y]367 G <>F4A 3+1 =8G6A =ZR>? 3 - AEA :

q4793Zq 3 ?CAEF�< : * A t A � `bK . B 	 :�BH1 <@? E 1 = q8B A 7 � X A ? BH5 F . = , ?CAER>A�E B <DG6AHEj=bE 1 < :4; . ? B97 = B A ; . * c t . �

X�1 <FE 1 ?9AGR>A7E B ? 36: R . � � ��� � � � � � � � � 3ZY!B91 A�G <@F4A 3 BH3 - A�Ej=bE 1 AEF B " A X <>R>R[? 143.XKBH1 = B B91 A

? B97 = B A ; . BH3 5 ?9A F4A q A : F4? 36:�B91 A ? q A�EE< T1E : A BYX 367[Z A : G < 7936: VWA :/B � = : F X A Y]3 E 5 ? 3Z:+BYX 3

7 A q47 AG?9A :/B = B <SG6A�?vEGA : = 7 < 3 ?G� : =ZVWAER . : A BYX 3Z7vZ ? X < BH1 ^�5 =ZR@< B . R 3SY R(��A 7 G <FEGA _ ^�3 �4a�= : F - AE? B R

A�W 367CB�: A BYXX367vZ ? B�" A q47C3 G�<@F4A�=m?9AER@A7E B <DGZAJEj=2E 1 < :4; V A BH143 F Y]367 Aj=2E 1�3ZY�BH1 AG?9A&?vEGA : = 7 < 3 ? B

� 587�q4793Zq 3 ?CAEF?EE=2E 1 < :8; V A BH143 F4?�= 7 A � � � � � � � � � � ?CAER>A�E B < 36: =SR ;6367 < B91 V ?G��< B A B � B91 A

?9V =ZR>R@AE? B Ej=2E 1 < :4;+58: < BHX A E 36: ?9<>F8A 7 <>? 36: A Y]7 =ZVWA 3ZY B91 A G <>F8A 3 _ Aj=2E 1 Y]7 =ZVWA�V = . E 36: R

B =Z< : F8<DW A 7 A :/B :d5 V - A 7W3ZY -/. B AG?fa B � < : EGA B91 A 7 A EE= : - A Y]7 AE\ 5 A :/B E 1 = :4; AG? 36: Ej=2E 1 < :4;

q = 7 =ZV A B A 7 ? _ A B ; B � BH1 A q�36q45 RQ= 7 < B . 3ZYXB91 A G <>F4A 3�3 -�� A7E B ?fa �)< B <>?�F8AE?9< 7 = - R>A BH3 A : = - R@A B91 A

q47938a . B93 - A � ������� � � � �Z< B A B � BH3 - A�= - R@A BH3 AE=Z?9<@R . < : E 7 AE=Z?9A � 7 AGF 5 EEA B91 A q 3Z7CB < 36: 3ZY G <>F8A 3 - A-R

< :4; EE=2E 1 AEF X�1 <>R@A�? B <@R>R V =Z< :dB =Z< : < :4; ;Z3�3 F q A 7CY]367 V = : EEA B � 1 <@?
?[Ej=ZR>= - <@R>< B . <>?�< :41 A 7 A :/B < :

Kh_



36547�q47C36q 3 ?9AEF Y]7 =ZVWA-R X <>?CA�?9AER@A7E B <DGZAIEE=2E 1 < :4; VWA B9143 F4?E� -/. X�1 <FE 1�BH1 A q47C38a . EE= : ?C<>V q R .

=ZF4F!� F 7936q BH1 A�?CAER@A7E B AEF Y]7 =ZVWAE?�=S? B91 A&A : G < 7C36: VWA :/B E 1 = :4; AG? B

�
������� � 	 
 ��� � � ��	 ��� � ��	 ��� ���

Video 

Server
Proxy

Proxy

Client

Client

Client

Client

Client

QoS Backbone

High cost channel

Low cost channel

Proxy

Proxy

Client

Client

Client

Client

Client

Best-effort networks:

Internet

Unreliable channel

Fast and 

reliable channel

Video 

Server

Video 

Server

Video 

Server

(a) (b)

�[< ;Z547 A P@BSA 	 � . ? B AEV = 7 E 1 < B A7E B9547 A B � 1 A q47C3.a <@AE?�= 7 A ?CA B EER 3 ?9A BH1 AlEER@<>A :dB ?E��= : F = 7 A
E 36:8: A7E B AEF BH3mBH1 AJG <@F4A 3 ?9A 7 G6A 7 G <>=�AG< B91 A 7 = ^�3 � _ =/a 367 - AE? B R�A-W 3Z7CB�: A BYX 367[Z _ - a B

� 1 A+?CA 7 GZA 7 R q47C3.a . RYEGR><@A :/B V 3 F4AER 5 ?CAEF < :'BH1 <@?�E 1 = q8B A 7 <@?�? 143.X�: < : �)< ; B PVBDACB � 1 A

EER@<>A :/B ? = 7 A = B9B =2E 1 AGF B93+BH1 A q47938a . = : F'=ZR>R B91 AE< 7 7 AG\ 5 AE? B ? Y]367 G <>F8A 3 ? ;Z3+BH147C3654;61 B91 A

q47938a . B � 1 A q47938a . =ZR@R 3 Ej= B AE?X=tEEA 7CB =Z< : EE=2E 1 A�? q =2EEA Y]3Z7 Aj=bE 1 G�<@F4A 3 ?9AE\ 5 A : EEA B I q 36: B91 A

EER@<>A :/B � ? 7 AG\ 5 AE? B � < Y BH1 A Y]7 =ZVWAE? = 7 A Ej=bE 1 AEF � BH1 A q47938a . X <>R@R ?9A : F B91 AEV Y]7C3 V < B ?HEE=2E 1 A

BH3 BH1 A EGR><>A :/B F8< 7 A�E B R . � 3SBH1 A 7[X <>?CAZ� BH1 A q47C3.a . X <@R>R 7 A BH7 <>A-G6A BH1 A Y]7 =ZVWAE? Y]7C3 V B91 A�G <@F4A 3

?9A 7 G6A 7 B � 367 =tG <>F8A 3 ? B97 Aj=SV < :4; ?9AG?9?C< 36: � 5 ? 5 =SR>R . BH1 A 7 A�<@?^= : A : FVR B93 R�A : F q RQ= . - =2E Z F4AER>= .

? � X�1 <FE 1 <>? B91 A&< :/B A 7 GS=ZR - A BYX AEA :+BH1 A B <>VWA X�1 A :�B91 A�T 7 ? B#q =2E Z A B <@?^?9A :/B = : F BH1 A B <>VWA

X�1 A :mB91 A T 7 ? B�Y]7 =SV AX<>?[F8<>? q RQ= . AGF B � 367 = E 36:/B < :d54365 ? q R>= .�- =2E Z � BH1 A B97 = : ?9VW<>?9?C< 36: 3ZY = : .

; <DGZA :+Y]7 =ZVWAIEE= :4:43ZB A a EEAGAEF BH1 A F4AGRQ= . ? B
" A = 7 A =ZR@? 3 < :/B A 7 AE? B AEF < :+3ZB91 A 7#q = 7 =ZV A B A 7 ?

Y]367�BH1 A
F4AG?9< ;Z: 3ZY ?9AGR>A7E B <SG6A�Ej=2E 1 < :4; � ? 5 E 1 =Z? BH1 A
?9A 7 G6A 7 R q47938a . = : F q87938a . R EER@<>A :/B E 1 = :4: AER

Kr`



E 1 = 7 =2E B A 7 <@? B <FEE?�� BH1 A EE=2E 1 A ? q =2EGA _ � a�=ZR>R 3 EE= B AGF 3Z: B91 A q87938a . Y]3Z7 = q = 7(B <DE 5 R>= 7 G <>F4A 3 �

= : F EER@<>A :dB - 5 W2A 7 ?9<FpGA _ ��A a B " AME 36: ?9<@F4A 7^BYXX3 : A BYXX367vZ EE=Z?9AG?#< : BH1 A Y]3 R@R 3.X < :4; = : F X <>R@R

q4793Zq 3 ?CA&F4<DW A 7 A :/B ? BH7 = B A ; <>AG? Y]367 ?9AGR>A�E B <SG6AHEj=2E 1 < :4;mY]367 AE=2E 1+3ZY�BH1 AEV B

�t���7� 4�� D�7938a . Ej=2E 1 < :4; < : ^�3 � : A BYXX367vZ ? _ ?9AGA��[< ; B�P@BDA =/a B � 1 A - = : F X <>F BH1�36:�B91 A

?9A 7 G6A 7 R q47938a . E 1 = :4: AGR�EE= : - A 7 AE?CA 7 G6AEF2� = : F BH1 AJE 3 ? B#3ZY 7 AE?CA 7 GS= B < 36: <>? q47C36q 3Z7CB < 36: =ZR BH3

BH1 A 7 AE?CA 7 G6AEF - = : F X <>F B91 B � 1 A ;63 =ZR 3SY Ej=2E 1 < :4; < : BH1 <@?�Ej=S?9A�<>? BH3 7 AEF 5 EEA BH1 A�=ZV 3654:/B!3ZY

- = : F X <>F B91 � B91 = B 1 =S? B93 - A 7 AE?9A 7 GZAEF 36:�B91 A,?9A 7 G6A 7 R q87938a . - =2E Z - 36: A�E 1 = :4: AER _ BH1 A 7 A Y]367 A

7 AGF 5 EE< :4;+B91 A : A BYX 3Z7vZ E 3 ? B a � X�1 <>R@A VW< : <@V <DpE< :4; BH1 A 7 AG\ 5 < 7 AEF EER@<>A :dB - 5 W A 7 ?9<DpEA �!A�BH3

=2E 1 <@A�G6A BH1 = B�7 AGF 5 E B < 36: � ; <DGZA : =WR@<>VW< B AEF EE=2E 1 A�? q =bEEA � B

�t���7� e�� D�7C3.a . Ej=2E 1 < :4; < : - AG? B R�A�W 367(B^: A BYXX367[Z ? X < BH14365�B ^�3 � 36: B91 A�?CA 7 GZA 7 R q47C3.a .

E 1 = :4: AER �4=Z? Y]367 A a =ZV q R>A#< : B91 A	E 58797 A :/B 	 :dB A 7C: A B _ ?9AEA&�)< ; B�P@BSA - a B � 1 A�F4AGR><DGZA 7 . 3ZY F4= B =

3 G6A 7&BH1 AE?9A E 1 = :4: AER>?�<>?MG 5 R : A 7 = - R>A B93 E 36:4; AG? B < 36: ��F4AER>= . = : F R 3 ?C?E� X�1 <FE 1 = 7 A 1 = 7 V Y]5 R

Y]367�7 Aj=ZR R B <@V A&? BH7 AE=ZVW< :4; G <@F4A 3 F4AGR><SG6A 7 . B � 1 A Ej=bE 1 < :4; ;Z3 =ZR Y]3Z7#BH1 <>?	EE=Z?9Am<@? BH3 q47C3 G�<@F4A

V 3Z7 A 793 - 5 ? BH: AE?9? ( Y]3Z7 E 36:/B < :d543Z5 ? q R>= . - =bE Z = ; =Z< : ? B q 3 367�: A BYXX367vZ E 36: F4< B < 36: ? 36: B91 A

q47938a . R�?CA 7 GZA 7 E 1 = :4: AGR B

� 3 <@V q8793 G6A BH1 A�? BH7 Aj=ZVW< :8; q A 7CY]3Z7 V = : EEA ; <SG6A : BH1 = B BH1 A q47938a . RYEGR><>A :/B E 1 = :8: AER#<>?

Y =Z? B = : F 7 AER><>= - R@AZ� 36: A E 365 R>FgE 36: ?C<>F4A 7�5 ?C< :4; B91 A q47C38a . =Z?�= : A a B A 79: =ZR - 5 W A 7�Y]367 Aj=2E 1

EER@<>A :/B �)< B A B ��? 5 E 1 B91 = B = EGR><>A :/BHX < BH1 V < : <>V =ZR - 5 W2A 7 7 AE? 36547 EGAE? EE= : ? BH367 A ? 3 V A 3ZY!B91 A

< : E 3 VW< :4; G�<@F4A 3 FU= B = = B B91 A q47C3.a . B 	 :*BH1 <@? Ej=Z?CA BH1 A q47C38a . X 365 R>F : AGAEF BH3 =ZR@R 3 Ej= B A

?9A q = 7 = B A
? BH3Z7 = ; A 7 AE? 36547 EGAE? BH3 Aj=2E 1 EER@<>A :/B�Y]367 AE=2E 1 ? BH7 Aj=ZVW< :4; ?CAE?9?C< 36: _ A-G6A :�X�1 A : ? 3 VWA

�����	�
���	����
�������� �
����������� �!
�"#�$�%����&'�'
(�)
#���*���+�)��,'-'./�)���	.).	�

K o



?9AG?9?9< 36: ?�V = . - A!=bE7EEAG?9?C< :4;�B91 A!?H=SV A G�<@F4A 3�3 -�� A7E B a B � 1d5 ?E�d=Z? = q47938a . V = . ?9A 7 G6A�=#RQ= 7C; A

:d5 V - A 7�3ZY EGR><>A :/B ?�?C<>V 5 R B = : A 365 ?9R . � B91 <>?#?vEEA : = 7 < 3 V = . 7 AG\ 5 < 7 A BH1 A =.GS=Z<@RQ= - <>R>< B . 3ZY`1 < ;61

q A 7CY]367 V = : EEA Ej=bE 1 < :4; 7 AG? 36587 EEAG? = BWB91 A q47938a . � < : EGR 5 F4< :4; :43ZBW36: R . VWAEV 367 . - 58B =ZR@? 3

3658B9q458B - = : F X <@F BH1 B L 3ZBH1 BH1 AG?9A 7 AE? 36547 EGAE? 1 =8GZA BH3 < : E 7 Aj=S?9A�=S? B91 A :d5 V - A 7X3ZY EGR><>A :/B ?`<>?

< : E 7 AE=Z?9AGF �U?9< : EEA&=ZR@R B91 AJEER><@A :/B ?�=bE B <SG6A&= B = : . ; <DGZA : B <@V A X <>R>R - A&?C<>V 5 R B = : A 365 ?CR . 5 ?C< :4;

BH1 A q47C38a . Y]3Z7 ?9A7E 36: FU= 7 . ? B9367 = ; A B

� 1 5 ?E�/< :&BH1 <>?;E 1 = q8B A 7 � X A Y]3 E 5 ? 36: =#R@AE?9? 7 AG? 36547 EEA R�< :/B A : ?C<DG6A�Ej=2E 1 < :4; ?[EEA : = 7 < 3 X�1 A 7 A

Ej=2E 1 < :4; ? BH3Z7 = ; A <@? =S?9?9< ;6: AGF BH3 � � � � 
 � � � � � � � � � � � 7 = BH1 A 7�BH1 = :OBH3 Aj=2E 1 EER@<>A :/B B � 1 A

=Z?9? 5 V q8B < 36: 1 A 7 A
<>? BH1 = B,BH1 A
FU= B = ? B9367 AGF Y]367 AE=2E 1 G <>F4A 3 3 -�� A7E B E 1 = :8; AE? 36: R . X�1 A : B91 A

q 3Zq45 RQ= 7 < B . 3ZY�BH1 AHG <>F4A 3 3 -�� A�E B E 1 = :4; AE?�= : F B91 = B
BH1 A ? BH367 = ; A <>?
? 1 = 7 AEF -/. =ZR>R'EGR><>A :/B ?

=2E7EGAE?C?9< :8; = ; <DGZA : G�<@F4A 3�3 -�� A�E B B � 1 A 7 A Y]367 A B91 A 7 AE\ 5 < 7 AGV A :dB`3ZY BH1 A�Ej=bE 1 A#? BH367 = ; A�? q =2EEA

<>? 7 AGF 5 EGAEF B 	 : =ZF4F8< B < 36: =ZR � B91 <>?
= q8q4793 =bE 1+7 AGF 5 EGAE? B91 A�=ZV 3654:/B
3ZY FU= B = BH1 = B
B91 A q47938a .

1 =Z? BH3 q47C3 G�<@F4A B93 BH1 A EER@<>A :dB ? _ ?9< : EEA 36: R . EEA 7CB =Z< : G <@F4A 3 Y]7 =ZVWAE? : AEAGF BH3 - A�?CA 7 GZAEF Y]793 V

BH1 A q47C38a . a�= : F�=ZR@? 3�7 AG\ 5 < 7 AG?#? 5 - ? B = :/B <>=ZR>R . R@AE?C? 7 Aj=ZR B <>VWA�? B9367 = ; A&V = : = ; AEVWA :/B _ ?9< : EEA

36: R . X�1 A :WB91 A q 36q85 RQ= 7 < B . 3ZY = :�3 -�� A�E B E 1 = :4; AE?`<>? BH1 A^? BH3Z7 = ; A^F8A�G 3SB AEF BH3 < B V 3 F4<@T4AEF B a

	 : - 3ZB91 Ej=Z?CAE?G� B91 A q47C38a . R EER><@A :/B E 1 = :4: AGR!F4AER@<DGZA 7 ? BH1 A F4= B = 3Z7 < ; < : = B AEF Y]793 V - 3ZBH1

?9A 7 G6A 7 = : F q47C38a . B 	 :*36547 V 3 F8AER X A =Z?C? 5 VWA B91 = B B91 A V =Z< : : A BYXX367vZ - 3SB9B R@A : A�E Z _ < :

B A 7 VW? 3SY - 3ZBH1 E 3 ? B = : F 7 AER><>= - <@R>< B . a&<>? BH1 A ?CA 7 GZA 7 R q47C3.a . E 1 = :4: AER �!= : F BH1 A 7 A Y]3Z7 A B91 A

q47938a . RYEGR><>A :/B R>< :�Z <>?�=Z?C? 5 VWAEF B93 1 =8G6A , R>A Y B R 3 GZA 7B. - = : F X <>F B91 A-G6A :lX�1 A : G�<@F4A 3 B97 = : ? R

V <@?9?C< 36: <>? 36:4;Z3 < :4; B � : A�A a =ZV q R>A 3ZY ? 5 E 1 =W?vEEA : = 7 < 3 XX365 R@F - A =bE7EEAG?9?C< :4; = 7 AGRQ= B <DGZAER .

R 3.X - = : F X <@F BH1 G <>F4A 3 ? BH7 AE=ZV BH18793654;Z1 = "&�8� �bEj= - R>A R@< :�Z B � :43SBH1 A 7 A a =ZV q R>A X 3Z5 R>F

c t



BH1 = B�X�1 A 7 A q47938a . = : F EER><@A :/B = 7 A�E 3 R�R 3 Ej= B AEF X < B91 < :mB91 A#?9=ZVWA#R 3 EE=ZRU= 7 Aj= : A BYXX367vZ * A t A . B

� 1 A&=ZR ;6367 < BH1 VW? q4793Zq 3 ?CAEF 1 A 7 A&= 7 A ;63 3 F = q4q47C3.a <@V = B < 36: ? Y]367`BH1 A Ej=Z?CA X�1 A : BH1 A 7 A�<@?!=

? 5 - ? B = :dB <Q=ZR =SV 3658:dB,3SY , R@A Y B R 3 G6A 7B. - = : F X <@F BH1 � < : X�1 <FE 1 X A�Ej= : =Z?C? 5 VWA BH1 = B`B91 A�F4AER>= .

< : F4AER@<DGZA 7 < :4; = Y]7 =ZVWA Y]7C3 V B91 A q87938a . BH3&BH1 A�EER@<>A :/B <>? GZA 7 . ?CV =ZR@R _ A-G6A : X�1 A :WBH7 = : ?9VW<>? R

?9< 36:�3ZY23SBH1 A 7 Y]7 =ZVWAE? Y]7C3 V B91 A�?9A 7 G6A 7 <@? B = Z < :8;�q RQ=2EGA^?9<>V 5 R B = : A 3Z5 ?9R . B a�� 1 <@? X <@R>R�A : = - R>A

5 ? BH3 =Z?9? 5 VWA B91 = B �)?C< : EGA B91 A . EE= : F4AER@<DG6A 7 AGF < : =
G6A 7 . ? 14367CB&B <>VWAZ� Y]7 =SV AG?�? BH367 AEF = B

BH1 A q87938a . E 36: ? 5 VWA q47 =2E B <DEj=ZR@R . :43 EER@<>A :/B - 5 W2A 7 V AGV 367 . B � 1 A 7 A Y]367 AZ� BH3 ?C<>V q R>< Y . B91 A

= : =ZR . ?9<>?G� X A#A a EER 5 F4A BH1 AGV Y]7C3 V EGR><>A :/B - 5 W2A 7 E 36: ? 5 V q8B < 36: < :�BH1 A 7 AE? BX3ZY BH1 <@?�E 1 = q8B A 7 B

� 367[BH1 A^?vEEA : = 7 < 3	X�1 A :�X�1 A :mBH1 A , R@A Y B R 3 G6A 7/. - = : F X <>F B91m36:�q47938a . RYEGR><>A :/B E 1 = :4: AERU<>? :43ZB

RQ= 7C; A A :43654;Z1 B93 < ;Z:4367 A BH1 A F8AERQ= .�- A BYX AGA : q47938a . = : F EER><@A :/B � 36547 - 5 W2A 7 = : =ZR . ?9<>? Ej= :

? B <>R>R - A 5 ?9AGF =Z?�= : = q4q87938a <>V = B < 36: Y]367
B91 A q87936q�3 ?9AGF�?9AGR>A�E B <SG6AIEj=2E 1 < :4; =SR ;6367 < B91 V ? B 	 :

BH1 AmA a BH7 AGV A EE=Z?9A X�1 A 7 A BH1 A 7 Am<@? :43 , R>A Y B R 3 GZA 7B. - = : F X <@F BH1 � = : F BH1 A 7 A Y]3Z7 A BH1 A�EGR><@A :/B

Ej= :8:43ZB 7 A7EGAE<DGZA+FU= B = ?C<>V 5 R B = : A 365 ?9R . Y]793 V B91 A q47C38a . = : F BH1 A�?9A 7 G6A 7 � 36547Wq47C36q 3 ?9AEF

X <>R@R 7 AEF 5 EEA BH3�BH1 A q87 AGT a Ej=bE 1 < :4;+q47936q�3 ?CAEF*< : * `2K . � X�1 <FE 1jX <>R@R q4793 G <>F4A BH1 A 3Zq8B <@V =ZR

? 3 R 58B < 36: B

" A X <>R@R6? 143.X B91 = B BH1 A q A 7(Y]367 V = : EGA 3ZY ? 3 V A ,Cq = 7CB <Q=ZR . G <>F4A 3 EE=2E 1 < :8; ? BH7 = B A ; <>AE? V = .

- A R><>VW< B AEF -/. EER@<>A :dB - 5 W A 7 ?C<FpEAtE 36: ? BH7 =Z< :/B ? B � 3Z7 A a =ZV q R@AZ� < B <>? 3 - G < 365 ? BH1 = B < : ^�3 �

: A BYXX367[Z ?HEj=bE 1 < :4; = : . q = 7CB&3ZY`BH1 A G <@F4A 3 Ej= : 7 AEF 5 EGA B91 A�?9A 7 G6A 7 R q47938a . - = : F X <>F B91 � �

?9< : EEA�R@AE?C? FU= B = 1 =Z? BH3 - A 7 A B97 <>A-G6AGF Y]793 V BH1 A�?9A 7 GZA 7 F4< 7 A7E B R . B 
 3/X A�GZA 7 � BH1 A - = : F X <@F BH1

V = . - A 7 AEF 5 EGAEFO= B�BH1 A A a�q A : ?CA 3ZY < : E 7 AE=Z?9< :4; < : B91 A 7 AG\ 5 < 7 AEFjEGR><>A :/B - 5 W2A 7 ?9<DpEA ��A �

- A�Ej= 5 ?9A B91 A Y]7 =ZVWAE? B91 = B = 7 A,? BH367 AEF = B�B91 A`?9A 7 G6A 7 _ :83ZB Ej=2E 1 AGFm= B BH1 A q87938a . a X <>R@R 1 =8G6A BH3

cVA



- A - 5 W A 7 AEF = B#B91 AIEGR><@A :/B�58:dB <>R B91 A . = 7 A F4<@? q R>= . AEF B
" A X <>R>RP? 143.X BH1 = B#B91 A < : E 7 AEVWA :/B

< : ��A GS= 7 <>AE? =SV 36:8; F4<DW A 7 A :/B ?9AGR>A�E B <SG6A Ej=bE 1 < :4; ? BH7 = B A ; <>AG? X�1 <FE 1 R>AE=ZF BH3 B91 A ?H=ZVWA

- = : F X <>F B91%7 AGF 5 E B < 36: B ��<@V <@RQ= 7 E 36: ? BH7 =S< :/B ? =ZR>? 3 A a <@? B < : B91 AgEE=Z?9A 3SY G <>F4A 3 Ej=2E 1 < :4;

Y]367 - AE? B R�A-W 367(B�: A BYXX367[Z ? B � 1 A 7 A Y]367 AS� B91 A 7 A�= 7 A BH7 =ZF4A-R 3 W ? - A BYX AGA : B91 A 7 AGF 5 E B < 36:'3ZY

� _ 367 <@V q47C3 G6AEVWA :/B 3ZY 2�a�= : F BH1 A�VWAEV 367 . ?C<FpGA ��A�BH3 =2E 1 <@A�G6A�< B B � 547�;63 =SR^<>? BH3

� � � � � � � � � � � � � � � ��
 � ��� � � � ��� � � � � � � � ��� � � � � � � � � � � � ��� � � � � � � � � � � � � � � � � � � 
 ���

� � � � � � � ��� ����� � � � � ��� �!A B � 1 5 ? 36: A 3ZY�B91 A V =Z< : F4<DW A 7 A : EGAE? - A BYX AEA : 3Z547 XX367vZ = : F

3ZBH1 A 7�q47C36q 3 ?9AEF EE=2E 1 < :8; =SR ;6367 < B91 V ? _ ?CAEA - AER 3.X a#<@? BH1 = B	X A X <@R>R,E 36: ?C<>F4A 7�BH1 Am? BH367 = ; A

E 36: ? BH7 =Z< :/B ?#= B � � � � EER><@A :/B = : F q47C38a . B

	 : ? 5 V V = 7 . � BH1 A
V =Z< : =Z?9? 5 V q�B < 3Z: ? X A�V = Z A�< :�36587�X 367[Z � X�1 <DE 1 =SR>? 3 A a8q RQ=Z< :m143.X

< B F4<DW A 7 ? Y]793 V 3ZB91 A 7�q47936q�3 ?CAEF Ej=2E 1 < :4; =ZR ;6367 < BH1 V ? _ ?CAEA - AER 3/X a � = 7 A _ <Qa B91 = B VWAEV 367 .

= B B91 A EGR><@A :/B <@?tE 36: ? B97 =Z< : AEF2� _ <@< a BH1 = B E 3 ? B E 36: ?C<>F4A 7 = B < 36: ? q47 A�EER 5 F4A 5 ?C< :4;�BH1 A q47938a .

Ej=2E 1 A B93Wq8793 G <>F4A&F . : =ZVW<FE , =ZF4F4< B < 3Z: =ZR�V AGV 367 . . Y]367 Aj=2E 1 EER@<>A :/B - 5 W2A 7 � = : F _ <@<><Qa B91 = B

BH1 A 7 AW<>?&? 3 V A , R@A Y B R 3 G6A 7B. - = : F X <@F BH1 < : BH1 A q47C3.a . RYEGR><@A :/B R@< :�Z B " A X <@R>R q47C36q�3 ?9A BYX 3

= q4q47C3 =2E 1 AG? Y]367 ?9AGR>A7E B <SG6A�EE=2E 1 < :4; < : Aj=2E 1 3ZY4BH1 A!= - 3 G6A EE=Z?9AG?E� : =SV AGR . � �:� � � � � ��
 � � � � � � ���

� � ��� � � ��� � � � � � � _ �4� ^ a^= : F �:� � � � ����
 � � � � � � ��� � � ��� � ��� � ����� � � ��� � � � � � � _ �4� L^a B

�
����� � � � � � � � � � �����

D�7938a . Ej=bE 1 < :4; Y]367 G <>F8A 3 1 =S? - AEA : A a�q R 367 AEF < : * `2K � A t A � KrP . 54: F4A 7!: A BYX 367[Z E 36: F4< B < 3Z: ?

?9<@V <@RQ= 7,BH3mBH183 ?9A�< : �!=S?9A A _ ^�3 � : A BYXX367[Z ?
< : �)< ; B@P@BDA =/a B D�7 A T a EE=2E 1 < :8; � q47C36q 3 ?9AEF -/.

��A : � � ����� * `2K . �P<>?&= ? q A�EE<Q=SR Y]367 V 3ZY ?9AER@A7E B <DGZA G�<@F4A 3 EE=2E 1 < :8; � X�1 <FE 1 < : G 3 RDGZAE?JEj=2E 1 < :4;

c r



36: R . = ;6793658q 3ZY E 3Z: ?9A�E 58B <DG6A Y]7 =ZVWAE?`= B�B91 A - A ; < :4: < :4;�3ZY�BH1 A�G <>F8A 3 ?9AE\ 5 A : EEA BH3 ?9V 3�3SBH1

= : F 7 AEF 5 EEA BH1 A - < B R 7 = B A 3ZY = M	L!� G <@F4A 3 B " A X <@R>R�? 183/X B91 = B 3Z547 q47C36q 3 ?9AEFL�4� ^

=ZR ;Z367 < BH1 V��rE 3 V q = 7 AEF BH3mq87 AGT a Ej=bE 1 < :4; � 7 AG\ 5 < 7 AG?^R>AG?9? EGR><>A :/B - 5 W A 7
��A X�1 <@R>A�=2E 1 <>A-G < :4;

BH1 A^?9=ZVWA - = : F X <@F BH1�7 AEF 5 E B < 36: _ �!=Z?CA A a �d= : F B91 = B �4� L Ej= : <@V q8793 G6A 7C3 - 5 ? BH: AG?9?`V 367 A

BH1 = :+q47 AGT a EE=2E 1 < :8; _ �!=S?9A r a B � 3ZB A B91 = B X�1 A : ��A <@?
R>= 79; AZ���4� ^ �6�4� LNEj= :�7 AGF 5 EEA BH3

q47 A T a Ej=bE 1 < :4; _ ?9AEA ��A�E B < 36: ? P@B]P = : F P@B]K@B r a B

" = :8; � � ����� q47936q�3 ?CA = , G�<@F4A 3 ? B = ; < :8;>. =SR ;6367 < B91 V < :�* A t A . � X�1 <FE 1 q47 A Y A B E 1 AG? BH3

BH1 A q47C3.a . = q 3Z7CB < 36: 3ZY - < B ? Y]7C3 V BH1 A�G <>F8A 3 Y]7 =ZVWAE? X�143 ?CA ?C<FpGA <@?�R>= 79; A 7�BH1 = : = q47 A-R

F4A B A 7 V < : AEF , E 5�B R 3 W . 7 = B AS� B93 7 AEF 5 EGA B91 A - = : F X <@F BH1O36: B91 A�?9A 7 G6A 7 R q87938a . E 1 = :4: AGR B

� 1 A 7 A Y]367 A�? 3 VWA Y]7 =ZVWAE?�= 7 A�?CA q = 7 = B AEFO< :/BH3 BYX 3 q = 7(B ?�	 3Z: A <>? Ej=2E 1 AEF 3Z:OB91 A q47938a .

= : F B91 A 3ZBH1 A 7 7 AEV =Z< : ? 36:%BH1 A ?9A 7 G6A 7 B L . E 3Z:dB97 =Z? B � 36547 q87936q�3 ?9AGF =ZR ;Z367 < BH1 VW? = 7 A

� � � � � � � � � � Ej=2E 1 < :4; ?vE 1 AEVWAE? ? 3*BH1 = B = Y]7 =SV A�<@? AE< BH1 A 7 :43ZB =.GS=Z<@RQ= - R>A�= B BH1 A q47938a .

367 < B <@?m? B9367 AGF < : < B ? A :/B < 7 A B . B � : A�=ZFVGZ= :dB = ; A 3ZY
Y]7 =ZVWA-R X <>?CA�Ej=2E 1 < :4; <>? B91 = BmBH183 ?9A

Y]7 =ZVWAE?&=8GS=Z<@RQ= - R@A < : B91 A q47938a . Ej= : =2E BH5 =ZR@R .+- A q R>= . AEF -d. BH1 A�EER@<>A :/B _ BH1 <@? X 365 R>F :43ZB

- A q�3 ?9?C< - R@A X < BH1Oq = 7(B <>=ZR>R . EE=2E 1 AGF Y]7 =ZVWAE?Ha < :'BH1 A A-G6A :/B X�1 A 7 A E 36:4; AG? B < 36:Oq47 A-G6A :/B ?

= : . FU= B = Y]793 V - AG< :4; F4AGR><SG6A 7 AEF Y]793 V BH1 A ?9A 7 G6A 7WY]367 ? 3 VWA q A 7 < 3 F 3ZY
B <@V A B � :43ZB91 A 7

=ZF@GS= :/B = ; A 3ZY�Y]7 =ZVWA-R X <@?9AHEj=2E 1 < :4; ?[E 1 AEVWA <@? BH1 = B�B91 A q47C38a . Ej= : Aj=Z?C<>R . =SF4F _ 3Z7 F 7C36q a

V 3Z7 A Y]7 =ZVWAE? X�1 A : Ej=2E 1 A^? q =2EGA^< : E 7 Aj=S?9AE? 58q 36: B91 A E 1 = :4; AE? 3ZY EE=2E 1 < :4; E 36: F4< B < 36: _ ? 5 E 1

=Z? : A BYX 3Z7vZ ? B = B95 ?E� G <@F4A 3 3 - � A7E B�q 36q85 RQ= 7 < B <>AE?G� EE=2E 1 Am? q =2EEAS�PA B E B a � -/. 5 ?9< :8; =�Ej=2E 1 < :4;

B = - R>A�E 7 Aj= B AEF 3 W�R�R@< : A _ q47C36q�3 ?9AGF < : ��A7E B < 3Z: P@B]K@B]K a B �#?�= : A a =ZV q R>AS� X < BH1 = ? B = ; < :4;

= q4q47C3 =2E 1 � < Y�B91 A q�36q45 R>= 7 < B . 3ZY = G <>F8A 3 < : E 7 Aj=Z?CAE? B91 A q47C3.a . X <>R>R : AEAEF B93 < : E 7 AE=Z?9A B91 A

c2P



q A 7 EGA :/B = ; A 3ZY FU= B =+< : ����� Y]7 =ZVWAE? _ ?CA : F4< :4; = 7 AE\ 5 AG? BmBH3�BH1 A ?9A 7 G6A 7 BH3 =2E 1 <>A�GZA BH1 <>?fa B

	 : ? B Aj=ZF2� X < BH1�Y]7 =ZVWA-R X <@?9AIEj=2E 1 < :4; 36: R . = Y A X E 3 V q R>A B A Y]7 =ZVWAE? : AEAEF BH3 - A 7 AE\ 5 AE? B AGF

Y]793 V BH1 A&?CA 7 GZA 7 B

�+= � � ����� * KCP . =ZR>? 3 ? BH5 F . = Y]7 =ZV A R X <@?9A G <>F4A 3 EE=2E 1 < :4;�q8793 - R@AEV ?CR>< ;61/B R . F4<DW A 7 A :/B

Y]793 V B91 = B < : �!=Z?CA A � X�1 A 7 A!?9AGR>A7E B <SG6A EE=2E 1 < :8; <>? q A 7CY]367 V AGF - 58B)BH1 A =ZR ;Z367 < BH1 V = B9B AGV q�B ?

BH3 ?9AER@A7E B ;67C3654q ? 3ZY E 36: ?9A7E 58B <SG6A Y]7 =ZVWAE? 7 = B91 A 7�BH1 = : <>? 3 RQ= B AEF Y]7 =ZVWAE?G�[< : 367 F8A 7 B93+7 A-R

F 5 EGA BH1 A E 3 V q R>A a < B . 3ZY,q47C3.a . V = : = ; AEVWA :/B B 	 :�36547 X 367[Z � -/. 5 ?C< :4; = Ej=2E 1 < :4; B = - R>AS�

BH1 A q4793Zq 3 ?CAEF �8� ^ �Z�4� L =ZR ;Z367 < BH1 VW? Ej= : ?9AER@A7E B <>? 3 RQ= B AEF Y]7 =SV AG? _ F 547 < :4; < B A 7 = B < 36: ?Ha

BH3 V = a <>V =ZR>R . <@V q47C3 G6A B91 A 3 G6A 7 =ZR@R q A 7CY]3Z7 V = : EEA X < BH183658B < : E 7 Aj=Z?CA BH1 AtE 3 V q R>A a < B . Y]367

q47938a . 36: R@< : A 36q A 7 = B < 36: ? B � :43SBH1 A 7 V = � 367 F4<SW2A 7 A : EEA - A BYX AGA : 36547
q47C36q 3 ?9AEF X 3Z7vZ = : F

3ZBH1 A 7MX 3Z7vZ ? < : * KCP � `2K � A t A . <@? BH1 = BMX A q4793 G <>F4AW=
Ej=bE 1 < :4; ? B97 = B A ; . _ �4� L^a Y]367 G <@F4A 3

F4AER@<DGZA 7 . 3 GZA 7 - AG? B R�A�W 367(BX: A BYXX367vZ ?E� X�1 <FE 1 = 7 A B91 A�V 3 ? B,q�36q45 R>= 7�:43.X =SFU= . ? - 58B = 7 A :43ZB

A a�q R@<FEE< B R . E 36: ?9<@F4A 7 AEF�< : BH183 ?9A XX367vZ ? B

L 3ZBH1 q47C36q�3 ?9AGF��4� ^ �6�8� L =ZR ;6367 < BH1 V ?�E 36: ?C<>F4A 7^:436: RNRQ= . A 7 AGF E 3 F4AGF G <@F4A 3 ? B97 AE=ZV ?G�

X�1 <>R@A Ej=2E 1 < :4; Y]367 R>= . A 7 AEF _ ?vEE=ZRQ= - R>Aja G <@F4A 3 Ej= : - A Y]3654: F < : * _ r � PC` . B ��A � =S<>A � � �����

* _ r . q47C36q�3 ?9A =gG <@F4A 3 EE=2E 1 < :8; =ZR ;63Z7 < B91 V Y]367 ?vEj=SRQ= - R@A G <>F8A 3 � X�1 <DE 1 E 3 R 36q A 7 = B AE? X < BH1

BH1 A E 36:4; AG? B < 36: E 36:/B9793 R VWA7E 1 = : <>?CV _ Y]3Z7 - AG? B R�A�W 367(B&: A BYXX367vZ ? < : �!=Z?CA r a q47936q�3 ?CAEF < :

* O o . B � 1 <>? XX367vZ ? BH5 F4<@AE? BH1 AlEE=2E 1 < :4;'7 A q RQ=2EGAEVWA :/B V A�E 1 = : <@?9V = : FNEE=2E 1 A 7 AG? 36547 EEA

=ZR>R 3 EE= B < 36: q47C3 - R>AGV���=2E�E 367 F4< :8;�BH3�BH1 A q�36q45 R>= 7 < B . 3ZY G <>F8A 3+3 -�� A7E B ?E�[A B ; B �)V 3Z7 A�RQ= . A 7 ?

3ZY!B91 A G <>F8A 3gX < BH1 1 < ;61 A 7 q�36q45 RQ= 7 < B . X <@R>R - A�Ej=bE 1 AEF �,= : FkG <FEGA G6A 7 ?9= B � 1 A 7 A Y]367 A B91 A

3 G6A 7 =ZR>R�? B97 Aj=SV < :4;�q A 7CY]3Z7 V = : EEA�Ej= : - A!<>V q47C3 GZAEF _ A B ; B �/R@AE?C? : A BYXX367[Z E 36:8; AE? B < 3Z: � - A B9B A 7

cbK



q RQ= . - =2E Z \ 5 =ZR>< B . a B � = :4; =Z? 1 = 7 � 5 � � ����� Y]3Z7 V 5 R>= B A BH1 A
EE=2E 1 < :4; q4793 - R>AGV Y]367 RQ= . A 7 AEF

G <>F4A 3 F4<SW2A 7 A :/B R . �[=Z<>VW< :8; B93 V = a <>VW<FpGA BH1 A 3 GZA 7 =ZR>R 7 A-G6A : 5 A Y]367�B91 A ?CA 7 G�<DEEA q4793 G <>F4A 7 ?

* P2` . B �)A X = 7 < � � ����� * o A . = : F��
AG<>?9?CR>AG< : � � ����� * OC_ . ? BH5 F . Ej=2E 1 A 7 A q RQ=2EGAEVWA :/B,3ZY ? B97 AE=ZV < :4;

V AGF4<Q= _ < : :436: RNRQ= . A 7 AEF Y]367 V = B a B93 <@V q8793 G6A BH1 AlEj=bE 1 A 1 < B�7 = B < 3 = : F BH1 A 7 A Y]3Z7 A B91 A

? B97 Aj=SV < :4; \ 5 =ZR@< B . B � 587 X 3Z7vZ Ej= : - A E 3 V q R@AEVWA :/B = 7 . BH3 * o A � Or_ . �P=Z? X A�= 7 A Y]3 E 5 ?9< :4;

36:mBH1 A q47C3 - R@AEV 3SY ?CAER@A7E B < :4;MX�1 <DE 1 q = 7CB,3ZY B91 A"G�<@F4A 3 ? 14365 R@F - A"Ej=bE 1 AEF ��= Y B A 7 BH1 A�EE=2E 1 A

? q =bEEA Y]367!BH1 <@? q = 7(B <FE 5 RQ= 7 G <>F4A 3W1 =Z? - AGA : =ZR>R 3 EE= B AGF B

� 1 A 7 AE? BX3ZY BH1 <@? E 1 = q8B A 7 <@? 3Z79; = : <FpEAGF =S? Y]3 R>R 3.X ? B ��A�E B < 36: PVB r�; <DGZAE? BH1 A - =2E Zd;67C3654: F

= : F�F8AGT : < B < 36: ? B ��A7E B < 36: P@B]P =ZF8F 7 AG?9?9AG? BH1 AIG�<@F4A 3 Ej=2E 1 < :4; q47C3 - R@AEV Y]367	^�3 � : A BYXX367[Z ?

= : F q87936q�3 ?9AG? BH1 A��4� ^ =ZR ;Z367 < BH1 V�� X�1 <>R@A B91 A^�4� L*=SR ;6367 < B91 V <>? q4793Zq 3 ?CAEF < : ��A�E B < 36: PVB]K

BH3 ? 3 RSG6A BH1 AHEj=bE 1 < :4;Wq47C3 - R>AGV Y]367 - AE? B R�A-W 367(B
: A BYXX367vZ ? B � 1 A A a8q A 7 <>VWA :/B =SR 7 AE? 5 R B ?�= 7 A

? 143.X�: < : ��A7E B < 36: P@Bdc�B �[< : =SR>R . �4� A7E B < 36: P@B]O E 36: EGR 5 F8AE? BH1 AJE 1 = q8B A 7 B

� 
 � � �t� � � � � � � � � � ��� �

� 3 ? B ? B = : FU= 7 F G <>F4A 3 E 3 F4A7EG? _ A B ; B � * c r � P . a q8793 F 5 EEA�MML!� FU= B =*= Y B A 7 E 3 V q47 AE?C?9< 3Z: �

X�1 <FE 1 R>AE=ZF4? B93�1 < ;61 FU= B = - 547 ? B < : AE?C? B I#? 5 =ZR@R . BH1 A 7 A�<>?,=�?9V =ZR@R8? B = 7CB R 54qWq R>= . - =bE Z F4AER>= .

? _ 1 A 7 A X A#F4A T : A#< B =Z? BH1 A
F 547 = B < 36: - A BYX AGA : ?CA : F8< :4; 3658B,BH1 A�T 7 ? BXq =2E Z A B = : F q R>= . < :4;

BH1 A&T 7 ? B
Y]7 =ZVWAoa Y]367 V 3 ? B A a <@? B < :4; ? B97 AE=ZV < :4; G <>F4A 3 ?CA 7 G <DEEAE? BH3 =ZR>R 3.X B91 AIEGR><@A :/B - 5 W A 7

BH3 ? B9367 A = Y A X - A ; < :4: < :4; Y]7 =ZVWAE? - A Y]367 A q RQ= . - =2E Z ? B = 7CB ? B � 1 <>?�F4AER>= . <>? 5 ?CA Y]5 R BH3 _ <Qa

?9V 3�3SBH1 BH1 A - 547 ? B < : AE?9? 3ZY MML � G�<@F4A 3 FU= B = * _b` . �8= : F _ <><Qa BH3&q47C3 G�<@F4A 793 - 5 ? B9: AE?C? = ; =Z< : ? B

q =2E Z A B F4AGRQ= . 7 AG? 5 R B < :8;WY]7C3 V q 3 367�: A BYX 367[Z E 36: F4< B < 3Z: ? _ < : - AE? B R�A-W 367(B�: A BYX 3Z7vZ ?fa � BH1d5 ?

cCc



q RQ= . - =2E Z%Y]7C3 V B91 A EER@<>A :/B - 5 W2A 7 <@? q 3 ?C?9< - R>A A-G6A :>X�1 A : Y]7 =ZVWAE? = 7 A - AG< :4; F4AGRQ= . AGF B

� 367 BH1 <>? 7 AE=Z? 3Z: � X A =ZR X = . ?
EE=2E 1 A BH1 <>? - A ; < :4: < :8; q 3Z7CB < 36:L3ZY G <>F4A 3 FU= B =�� X�1 <DE 1 <>?

7 A Y A 797 AEF =Z? BH1 A ,C7 AE\ 5 < 7 AEF < : < B <>=ZR - 5 W2A 7 < :4; ?CA ; VWA :/B/. _ % � 1�' a ��? 5 E 1 B91 = B�BH1 A EGR><>A :/B Ej= :

? B = 7CB B93�q R>= . - =bE Z X < B91 =+?9V =ZR@R>A 7 ? B = 7CB R 54q F8AERQ= . B " 1 A : X A
Ej= : =Z?C?9< ;6: V 3Z7 A EE=2E 1 A

? q =bEEA B91 = : % � 1 ' Y]3Z7 = ; <SG6A : G <>F4A 3 � X A
Ej= : E 183�3 ?CA - A BYX AGA : E 3Z:dB < :d5 < :4;+BH3 Ej=2E 1 A B91 A

<>VWV AGF4<Q= B AER . Y]3 R>R 3.X < :4;WY]7 =ZVWAE? _ =Z? X 3Z5 R>F - AWF 36: Am< : = q47 AGT a EE=2E 1 < :4; B A7E 18: <>\ 5 Aja � 367

< : ? B AE=ZF ?CAER>A�E B < :4;
3ZBH1 A 7 < :/B A 7 VWAEF4<>= B A Y]7 =ZV AG? BH3 - A Ej=2E 1 AEF B 	 :&BH1 <>?;E 1 = q8B A 7 � X A�E 36: ?9<>F8A 7

BH1 A&R>= B9B A 7^36q8B < 36: �8< B A B �4?CAER>A�E B <DG6AHEj=bE 1 < :4;�7 = BH1 A 7^BH1 = :�q47 AGT a EE=2E 1 < :4; B

��?9? 5 VWA BH1 A 7 A = 7 A � Y]7 =ZVWAE?
< : = G <>F4A 3�� ��F4A :43ZB AGF =Z? $ _�� a ,/� � * A , r , � � � , � . ��Aj=2E 1

Y]7 =ZVWA $ _�� a 1 =Z?^= ?C<FpGA 3ZY 	 _�� a -/. B AG?E� = : F =tE 3Z: ? B = :/B^q RQ= . - =2E Z F 547 = B < 36: 3SY:3�� ?9A7E 36: F4?

_ A B ; B � 3�� � A 6 P t ����9�� 	�? a B&" A�F4<>?[E 7 A B <DpEA BH1 A B <>VWA�= a <>? � X < BH1 < :/B A 7 GS=ZR@? 3ZY 3�� B � 1 A

BH3ZB =ZRZ?C<FpGA 3SY B91 A�G <>F4A 3 <>? 	 � � � 2 � � 
 ���� ( 	 _�� a B " A,F4A T : A`= , Ej=bE 1 < :4; < : F4<FEE= BH3Z7 ?9AG\ 5 A : EGA . �

0 � * � _ A a , � _ r a , � � � , � _ � a . � BH3 < : F4<FEE= B A X�1 A BH1 A 7�BH1 A � �	� Y]7 =ZVWA $ _�� a <@?"Ej=2E 1 AEF 3Z7^:43ZB 	

� _�� a �
����� ����
t < Y Y]7 =ZVWA $ _�� a <@? :43ZB Ej=bE 1 AEF

A < Y Y]7 =ZVWA $ _�� a <@?"Ej=2E 1 AEF
_ P@BSA a

� ?9AE\ 5 A : EEA 0 54: <>\ 5 AER . F4A T : AE? X�1 <DE 1 q = 7(B&3ZY G <@F4A 3 <>?JEE=2E 1 AEF2�[= : F EE= : 7 A q47 AE?CA :/B =

?9AGR>A7E B <SG6A EE=2E 1 < :4; ?vE 1 AEVWA B " A#F4A :83ZB A 0 � _ 367 ?9<>V q R .
	 a,=Z? B91 A pGA 7C3 ?9AG\ 5 A : EGAZ� < B A B � B91 A

c2O



?9AG\ 5 A : EGA X�1 A 7 A :43 Y]7 =ZV AG?!= 7 A EE=2E 1 AGF�? 3 BH1 = B =SR>R � _�� a � t B � q�3 ?9?C< - R@A 0 V 5 ? B ?H= B <>? Y .

BH1 AJEE=2E 1 A�? q =2EGAIE 36: ? BH7 =S< :/B

��
��� ( 	 _�� a � _�� a 5 � , � _�� a � 0 _ P@B r a

" A =ZR@? 3 F4A :43SB A 0 ( =Z? BH1 A < : F4<FEE= BH3Z7 ?9AE\ 5 A : EEA X�1 A 7 A 36: R . % � 1�' <>?JEj=2E 1 AEF B � <>? q47 A-R

F4A B A 7 V < : AEF Y]367 AE=2E 1 G <>F8A 3�3 -�� A�E B B

� 
 � � � � �	� � � � � � � � � � � � � � � ��� � � �
�

�
��� ��� � ����� ��� � � ��� � � � � �������

� : A a =ZV q R>A 3ZY = ^�3 � : A BYXX367vZ <>? ? 143.X�: < : �[< ; B P@BDA = B " A =S?9? 5 V A BH1 = B = � L!�

- = : F X <>F B91 <>? 7 AE?CA 7 GZAEF 36:+B91 A ?9A 7 GZA 7 R q47938a . - =bE Z - 36: AS� = : F B91 A E 3 ? B�3ZY,7 AE?CA 7 GS= B < 36: <>?

q4793Zq 367(B < 36: =ZR BH3 BH1 = B - = : F X <>F BH1 B � 1 A 7 A Y]367 A X A�=ZR X = . ? 7 AG?9A 7 G6A 36: R . BH1 A VW< : <@V 5 V

7 AG\ 5 < 7 AGF - = : F X <@F BH1�Y]3Z7 G <>F4A 3 F4AER@<DGZA 7 . < : = q = 7CB <FE 5 RQ= 7 ? B97 Aj=SV < :4; ?9AG?9?C< 36: B "�AGT : A ���

=Z? BH1 A � ��� � � � ��� � � � � � � � � � 3ZY ='� L!� E 1 = :8: AER B93 F8AER><SG6A 7 BH1 A G <>F8A 3 � 36:LB <@V A Y]367

7 AE=ZRSR B <>VWA q RQ= . - =2E Z X < B9143658B � < B9B A 7 � ; <DG6A : = T : < B Am? B = 7(B R 58q F4AGRQ= . ? B " 5 A BH3 BH1 AWF4= B =

- 547 ? B < : AE?C? 3SY M	L!� G <>F4A 3 � ��� <>? 5 ? 5 =ZR@R . 1 < ;61 A 7 BH1 = :WB91 A � 
 � � � � � 
 � � � � � � � � � � � � � 	 2���� �

BH3 =8G 3 <@F F4A�E 3 F4A 7 - 5 W A 7�54: F8A 7 � 3/X B �UA :4; � � ����� * A7K . q4793Zq 3 ?CAEF = ; A : A 7 =ZR,V A BH143 F BH3

T : FO? 5 E 1 ��� Y]367mq47 A-R E 3 F4AEF G <>F4A 3 X < BH183658B Ej=bE 1 < :4; _ X�1 A 7 A ��� <@?mF4AGT : AEF =Z? � � � � � �����

� � � � � � � � � a�< : * A7K . B#" A X <@R>R ? 183/X B91 = B ��� E 1 = :4; AE?^= Y B A 7 ? 3 VWA Y]7 =ZV AG?!= 7 A EE=2E 1 AEF2�U= : F

<>?
= Y]58: E B < 36:�3ZY EE=2E 1 < :4; < : F4<FEE= BH3Z7 0 B � : A 3ZY 36587#3 - � A7E B <DGZAE?�< :�B91 <>? EE=Z?9A <>? BH3 E 143 3 ?9A

cC_



0 BH3 V < : <>VW<FpGA ��� _10 a -/. EE=2E 1 < :4; ?9AGR>A�E B AGF Y]7 =ZVWAE?G��? 3 BH1 = B B91 A - = : F X <>F BH1 7 AE?9A 7 GS= B < 36:

E 3 ? B
36: ?CA 7 G6A 7 R q47C38a . E 1 = :4: AER'EE= : - A 7 AGF 5 EGAEF B


 3.X A-G6A 7 � X�1 <>R@A B91 A 7 A V = . A a <@? B V = : . q 3 ?C?9< - R>A 0 X�1 <FE 1 R@Aj=ZF BH3 B91 A ?H=SV A V = a < R

V 5 V 7 AGF 5 E B < 3Z: 36: ��� _�0 a � BH1 A . V = . 7 AG\ 5 < 7 A#F4<DW A 7 A :/B =ZV 3654:/BX3ZY EER@<>A :dB - 5 W A 7 ?9<FpGA ��A

BH3 =2E 1 <>A-G6A B91 = B�7 AEF 5 E B < 36: �2=Z?�? 143.X�: < :�BH1 A = : =ZR . ?C<>? - AGR 3.X B � 36: ?9<@F4A 7 < :4; - 3ZB91 - = : FVR

X <>F B91 = : F - 5 W A 7 ?9<DpEAZ� X A Y]367 V 5 RQ= B A BH1 AMG <>F8A 3 Ej=2E 1 < :4;Wq4793 - R>AGV Y]367 ^�3 � : A BYXX367[Z ?�=Z?

Y]3 R>R 3.X ? B

�I&/���,�<��i � ��&(il$;�<�@�/
<� 6q4�� � ��
 � � � � � � � � ��� � � � � � ��� � � � � � � � � � � � � � 
 � � � �

� ��� � � � � � � � � 	 � � � 2 � ��� � � � � � � � � � � ��� 
 � � � � ��� � � � � � � � � � � � � � � � � � � � � ��� ��� � � �����

? � � � ����� ����� � � ������� � � 0 � � ��� � � � � ��� ��� ��� ��� � � � 0 � � � � � � � � � � � ����� � � ��� � � � � ��� _10 a � � � � �

��� � � � ��� � � � � � � ��� � � ��� ��� � � � � � � � � �!A � � � � � � � 
 � � � � � � � � � � � � � � � ��� � � ��� ��� �

�
��� � � � ��� � 	 
���
 ��� ��� � � � ��� ��� ��� � ��	 �������

� 3 Ej=ZRDE 5 R>= B A ��� _�0 a � 1 A 7 A X A X <>R>R/A a B A : F BH1 A`? 3 R 58B < 36: < : * A8K . X < BH1 V < :4367 V 3 F8<@T1EE= B < 36: ? B

" A X <@R>R 36: R . 7 A Y A 7�B93mBH1 A 7 AG? 5 R B ? Y]793 V * A7K . � 7 Aj=ZF8A 7 ?�Ej= :�7 A Y A 7^B93 * A8K � _(K � `CP . Y]367 V 367 A

F4A B =Z<>R@? B ��?C? 5 VWA BH1 A BH7 = : ?9VW<>?C?9< 3Z: ? B = 7CB ?�= B B <@V A �	� � � ? �,= : F q R>= . - =bE Z ? B = 7CB ?�= B

� � t � BH1 AW? B = 7(B R 54q F4AER>= . <>? ? _ ? � t a B � 7 =ZVWA6$ _�� a�<>?�?[E 1 AEF 5 R>AEF BH3 - AmF4<>? q RQ= . AEF = B

B <@V A � � � B "�A T : A ��� _�� a^=Z? B91 A � � � � ��� � ��
 � � � � � � � � � � = B^B <>VWA � � Y]367 = ; <DGZA : 0 �

��� _�� a � ��
��� � _ A � � _�� a9a 	 _�� a � _ P@B]P a

c2`



"�AGT : A � _�� a[=Z? BH1 A!?9A 7 G6A 7 R q47938a . E 1 = :4: AER - = : F X <>F B91 = B B <>VWA � B � Y AE=Z?9< - R>A�E 1 = :4: AER 7 = B A

Y]54: E B < 3Z: � _�� a B93 A : ? 587 A = E 36:/B < : 58365 ? q RQ= . - =2E Z V 5 ? B VWAEA B^B91 A Y]3 R>R 3.X < :4; E 36: ? BH7 =S< :/B 	

��
�
�

� �

� _�� a � ��� _�� a , Y]367 =ZR>R � � * A , � . � _ P@B K a

��� _�� a = : F 
 ��
�
� �
� _�� a3EE= : - AGA :&BH143658;61/B[3ZY =Z? BH1 A G <@F4A 3 FU= B = � ��� ��� � � ��� ��� � ��� 
 � = B�B91 A

EER@<>A :/B = : F BH1 A
FU= B = ��� � � � � � � � 
 � Y]793 V BH1 A�E 1 = :8: AER � 7 AE? q A7E B <SG6AER . B ��< : EEA�Ej=bE 1 AEF Y]7 =ZVWAE?

F 3 :43SB E 3Z: ? 5 VWA B91 A ?CA 7 GZA 7 R q47C3.a . - = : F X <@F BH1 = : F BH1 A . EE= : - A Y A B E 1 AGF X�1 A : : AGAEF4AGF

_ 7 < ;61/B - A Y]3Z7 A!F4A�E 3 F4< :8; a Y]793 V B91 A q47C3.a . � BH1 A : BH1 A"EE=2E 1 AEF Y]7 =ZV AG?�Ej= : - A!A a EER 5 F4AEF Y]793 V

BH1 A EER@<>A :/B E 36: ? 5 V q8B < 36: E 547 GZA�< : _ P@B]P a B ��\ B _ P@B K a�V AE= : ? BH1 = B BH1 A�? 58q4q R . E 547 GZA�? 143Z5 R>F

- A ;67 AE= B A 7`B91 = : B91 A E 36: ? 5 V q�B < 3Z: E 587 G6A�< : 3Z7 F4A 7`B93 =8G 3 <@F EER@<>A :dB - 5 W A 7X54: F4A 7 � 3.X _ ?CAEA

�[< ; B1P@B r a B � 367 = � L!�?E 1 = :4: AGR � B91 A - = : F X <@F BH1 Ej= :8:43ZB A a EEAGAEF B91 AHE 36: ? B = :/B =ZR>R 3 EE= B AGF

7 = B AZ�U? 3�B91 = B

� _�� a 5 ��� _10 a , Y]367 =ZR@R � � * A , � . � _ P@BQc a

"�AGT : A B91 A � � � � � � � � � ��� ��� 3SY = G <>F4A 3 ?CAE\ 5 A : EEA BH3 - A � � _�� a �

� � _�� a � ��� _�� a 6 � � _ P@B]O a

�[< ; BbP@B r ? 143.X ?`= : A a =SV q R@A 3ZY ��� _�� a)= : F � � _�� a B 	 :�Y =bE B � � � _�� a 7 A q47 AG?9A :/B ? B91 A^R 3.X A 7

- 3Z54: F 3ZY = Y AE=Z?9< - R>A � _�� a � = : F ��� Ej= : - A 3 - B =Z< : AEF�=Z? _ ?9AEA * A8K � _bK � `CP . Y]3Z7 = q8793 3ZY a

��� _�0 a � V = a(
� � � �  �� �

_�� a#" , � � * A , � . , _ P@BQ_ a

c o



)(/1 iCt t

di −=

tpeak

(1)

(2)

(3)

t

Frame rate: 

R(i)Bits/sec
)(tLA

min

rsvC

Bits

t

(1)

(2)

(4)

(3)

0-d

Frame rate: R(i)

)(tSA

)(iCt

di −=

(a) (b)

�[< ;Z547 A P@B r 	 � 5 V 5 R>= B <SG6A 7 = B A = : F ?CR 36q A Y]58: E B < 36: ? B _ =/a
	 � 5 V 5 RQ= B <DG6A Y]7 =ZVWA��(E 1 = :4: AGR
7 = B A B � 547 G6A _ A a � _ r a`= : F _ K a = 7 A E 5 V 5 RQ= B <DGZA E 1 = :8: AER 7 = B A Y]54: E B < 36: ?E� 
 � � _�� a B ��V 36:4;
BH1 AGV 3Z: R . _ A a#= : F _ K a 7 A q87 AE?CA :/B � L!� E 1 = :4: AGR>? B � 547 GZA _ P a�<>? BH1 A E 5 V 5 R>= B <SG6A Y]7 =ZVWA
7 = B AZ�!��� _�� a B � 547 G6A _ A aX= : F _ r a!= 7 A Y AE=Z?9< - R>A	E 1 = :4: AGR 7 = B AZ� X�1 <@R>A _ K aX<@? :43ZB B _ - a
	`� R 36q A
Y]54: E B < 3Z:�� � _�� a#<@?#F 7 = X�: < : E 547 GZA _ P a B � 1 A V < : <>V 5 V � L!� E 1 = :4: AER - = : F X <>F BH1+B91 = B
1 =Z? BH3 - A 7 AE?CA 7 G6AEF+<>? ����� V = a! �� � _�� a#" B

< B A B � BH1 AWV < : <>V 5 V - = : F X <@F BH1 ��� _10 a B91 = B�1 =Z? BH3 - A 7 AE?CA 7 GZAEF 36: =�� L!� E 1 = :4: AGR,<>?

BH1 A�V = a <>V 5 V GS=ZR 5 A 3ZY�BH1 A"G <>F4A 3 ?9R 3Zq A Y]54: E B < 36: � � _�� a � X�1 <DE 1 <@? 7 AE=2E 1 AEF = B�B <@V A ��0
1<2B3 �

7 A Y A 797 AEF BH3 =Z? BH1 A � ��� ��� � � ��� ��� � � � � ��� � � �

��0#1'243 � = 7C; V = a(
� � � �  �� �

_�� a#" � _ P@B]` a

� 54q4q�3 ?9A X A X = :/B�BH3 Ej=2E 1 A 36: A�V 367 A Y]7 =ZVWA%$ _'& a^= Y B A 7 ? 3 V A Y]7 =ZV AG? 1 =8G6A =ZR 7 Aj=ZF .

- AGA : Ej=2E 1 AEF B �PA B 0 = : F 0;3 - A BH1 A EE=2E 1 < :8; < : F4<DEj= B9367 ?9AG\ 5 A : EGAE? - A Y]3Z7 A = : F = Y B A 7

Ej=2E 1 < :4; $ _<& a � 7 AE? q A7E B <SG6AER . B � 1 A Y]3 R>R 3.X < :4;!q47C36q 3 ?9< B < 36: ? 143.X ? B91 A E 1 = :4; AX< : - = : F X <@F BH1

= Y B A 7 Ej=2E 1 < :4; $ _<& a B

O t



�I&/� � �%�8
*�/
�� 6N4 � 367 = ; <DGZA : $ _<& a!= : F 0 �4V = a8 �� �
�
_�� a#" � V = a! �� � _�� a#" � � � � X�1 A 7 A

� � �
����� ����
	 _'& a 6 ��0#1'243 , & � * A ,/��0#1'243 . ,

t , 3SBH1 A 7[X <>?CA �
_ P@B o a

��AEA � q4q A : F4< a Y]3Z7 = q47C3�3ZY B � : <>R@R 5 ? BH7 = B < 36: <>? ? 143.X�: < : �[< ; B�P@BQPVB � 1 <>? V AE= : ? B91 = B

V = a� �� �
�
_�� a#"tEj= : - A 7 AEF 5 EEAEF�< Y = : F 36: R . < Y & � * A ,/��0#1'243 . B � 1 A 7 A Y]367 A X A ? 14365 R@F EE=2E 1 A

= Y]7 =ZVWA � � � � � � ��0#1'243 B93 7 AEF 5 EEA ��� � = : F BH1 A 7 AGF 5 E B < 36: � � F4A q A : F4? 36: R . 36: BH1 A ?C<FpEA 3ZY

BH1 AJEE=2E 1 AEF Y]7 =ZVWA - 58B
:43SB�36: < B ? q�3 ?C< B < 36: ��< B A B �

��� _�0;3 a � ��� _10 a � 	 _'& a 6 ��0#1'243�, < Y & � * A ,/��0#1'243 . � _ P@BDA t a

� 1 A = - 3 GZA E 3Z: EER 5 ?9< 36: < : F4<DEj= B AE? BH1 = B EE=2E 1 < :4; ? 5 E7EGAE?C?9<DGZA Y]7 =SV AG? Y]7C3 V BH1 A - A ; < :4: < :4;

3ZY B91 AIG <>F8A 3 ?CAE\ 5 A : EEA�<>? 36: A 3ZY BH1 AtEj=bE 1 < :4; ?vE 1 AGV AG? BH1 = B Ej= :�7 AGF 5 EEA ��� V = a <>V =ZR>R . B

��?
= : A a =ZV q R@AZ� ,Cq87 AGT a Ej=2E 1 < :4;>. � X�1 <FE 1 ?9AGR>A7E B ? BH1 A ;Z793654q 3ZY - A ; < :4: < :8; Y]7 =ZVWAE? B93 - A

Ej=2E 1 AEF 54:/B <>R BH1 A
EE=2E 1 A ? q =2EEA <>? Y]5 R>R � <>?m= ;Z3�3 F'= q4q47C3 =2E 1*BH3 7 AEF 5 EEA BH1 A - = : F X <@F BH1

7 AG\ 5 < 7 AGV A :/B ? * `bK . B

�
��� � � � ������� ����� � ����� ��� � 	 
���


�
A�Ej=ZR@R B91 = B,X A : AEAGF BH3 ?9AGR>A�E B Y]7 =ZV AG? BH3 - A EE=2E 1 AEF BH3 _ < a � � � � � ����� � � ��� � � � ��� _�0 a �/= : F

_ <@< a � ��� � � � � � � � � � � � � � � ��A � � � � � � � 
 � � � � � � ��� � � � � ��� B ��AER@A7E B < :8; F8<DW A 7 A :/B#Y]7 =ZV AG? BH3

- AtEj=2E 1 AGF X < BH1 < :�B91 A q A 7 < 3 F 3ZY!* A ,/��0#1'243 . R>AE=ZF4? B93 F4<SW2A 7 A :/B�7 AE\ 5 < 7 AGV A :dB ? 3ZY���A B � 1 <>?

Ej= : - A A a�q R>=Z< : AGF -/. BH1 A Y]3 R@R 3.X < :4; - 5 W2A 7 = : =ZR . ?9<@? B "�A T : A = -/. B A-RNR>A-G6AER - 5 W A 7�BH7 =bEEA

O@A



Y]54: E B < 3Z: � � � _�� a �
=Z? B91 A�=ZV 3654:/B 3ZY G <>F4A 3 FU= B = _ < : :d5 V - A 7 3ZY -/. B AE?Ha < :OBH1 A EGR><@A :/B

- 5 W A 7 F 547 < :4; q R>= . - =bE Z _ ; <DGZA : = EE=2E 1 Am?9AG\ 5 A : EGA 0 a � X�1 <FE 1 EE= : - A X�7 < BCB A : =Z? _ P@BDA2A a

_ ?CAEA * A8K . a �

� � _�� a � ��
���

� �

� _�� a � ��� _�� a , _ P@BDA2A a

X�1 A 7 A � _�� a 5 ��� _10 a < : _ P@BQ_ a B � 1 A 7 AE\ 5 < 7 AEFNEER@<>A :/B - 5 W2A 7 ?C<FpEAS� � � 2 � _10 a ��<@? B91 A

V = a <@V 5 V GS=ZR 5 A 3ZY � � _�� a B � 1 5 ? X A : AEAGF B93 V < : <>VW<FpGA � � 2 � _�0 a)< :�367 F4A 7 BH3�7 AEF 5 EGA B91 A

7 AG\ 5 < 7 AGF
EER@<>A :/B - 5 W A 7 ?C<FpGA BH3 =2E 1 <>A-G6A B91 A 7 AEF 5 E B < 36: 3ZY ��� _�0 a�? B = B AEF < : D�7936q�3 ?C< B < 36: ACB

" A�=ZR@? 3 F4A :43ZB A � � 2 � =Z? BH1 A ��� ��� � � � � � ��� � � � X�1 A : � � _�� a 7 AE=2E 1 AG? B93 � � 2 � _�0 a �

� � 2 � � = 79; V = a(
� � � �  �� �

_�� a#" � _ P@BDA r a

" A^T 7 ? B A a =ZVW< : A BH1 A"E 1 = :4; A Y]793 V � � _�� a B93
� �
�
_�� a Y]3Z7 BH1 A q A 7 < 3 F 3ZY A 5 ��5 ��0
1<2B3 �

= Y B A 7 Ej=2E 1 < :4;W36: A Y]7 =SV A%$ _'& a _ :43ZB A BH1 = B A 5 &�5 ��0
1<2B3 =bE7E 3Z7 F4< :4;mBH3 D,7C36q�3 ?9< B < 3Z: A a B

L A7EE= 5 ?9A BH1 AJE 1 = :4: AER - = : F X <>F BH1 <>?"E 3Z: ? B = :/B � ?9AGA _ P@B]K a!= : F _ P@BQc a � X A 1 =8G6A � _�� a �

��� _10 a Y]367 A 5 � 5 ��0#1'243�_ ? 3 BH1 = B � _�� a � ��� _�0;3 a�= Y B A 7 Ej=2E 1 < :4; $ _<& a9a B � 7C3 V _ P@BDA2A a

= : F _ P@BSA t a X A 1 =8G6A

� �
�
_�� a � ��� _�0;3 a � � ���

�
_�� a

� ��� _�0 a � � 	 _<& a �
��0#1'243 � ���

�
_�� a , _ P@BDA8P a

O r



X�1 A 7 A A 5 � 5 ��0#1<2B3 B � 3ZB A BH1 = B = Y B A 7 Ej=2E 1 < :4; $ _<& a � ���
�
_�� a � ��� _�� a Y]367 A 5 �
� & �

= : F ���
�
_�� a � ��� _�� a � 	 _'& a Y]3Z7 &�5 ��5 ��0
1<2B3 B � 1d5 ? X A 1 =8G6A

� �
�
_�� a �

����� ����
� � _�� a � 	 _'& a �� ����� �

, A 5 ��� & ,

� � _�� a � 	 _'& a �� ����� �
� 	 _'& a &�5 � 5 ��0#1<2B3 �

_ P@BDA7K a

��\ B _ PVBDA8K a VWAj= : ? B91 = B = Y B A 7 EE=2E 1 < :8;#Y]7 =SV A�$ _<& a � BH1 A : A X - 5 W A 7)B97 =2EGA � � � � � � � � � - A Y]3Z7 A

& _ F 5 A BH3 BH1 A 7 AGF 5 E B < 36: 3ZY ��� a �)= : F � � � � � � � � ��F 547 < :4; * & ,/��0#1'243 .�_ F 5 A B93�B91 A 7 AEV 3 GS=ZR

3ZY 	 _'& a Y]7C3 V B91 AME 3Z: ? 5 V q8B < 36: E 587 G6Aja = B 	 B =ZR@? 3 < : F4<FEE= B AG? BH1 = B = B = : . q = 7CB <DE 5 R>= 7XB <>VWA

� � * A ,/��0#1'243 . � B91 Am=ZV 3654:/B�3ZY < : E 7 AEVWA :/B � F4A7E 7 AEVWA :/B&3ZY � �
�
_�� a#F4A q A : F4? 36: R . 36: 	 _'& a B

� 367 A ? q A7EG<@T1EE=ZR>R . �)< Y � � 2 � � ��0#1'243 � X A�EE= :*7 AGF 5 EGA � � 2 � _10;3 a ��� � � < Y X A Ej=2E 1 A Y]7 =ZVWA

$ _<& a!= Y B A 7 � � 2 � � = : F X A X <>R>R 1 =8G6A

� � 2 � _10;3 a � � � 2 � _�0 a � � � , < Y � � 2 � � &�5 ��0
1<2B3�, _ P@BDA.c a

X�1 A 7 A � � � � � 2 ���0#1'243 	 _<& a � _ P@BDA8O a

� 1 A
E 1 = :8; A 3ZY!� �
�
_�� a Y]367 BH1 A 7 AEV =Z< : < :4;�q A 7 < 3 F ��0#1<2B3�5 � 5 � V = . :83ZB - A Aj=Z?C<>R .

A a�q47 AE?9?CAEF < : = EER 3 ?9AGF Y]367 V B 
 3.X A�G6A 7 � - =Z?9AGF 36:+BH1 A 7 AG? 5 R B ? Y]7C3 V * A8K � _bK � `CP . X AtEj= :

T : F BH1 = BWB91 A � � � � � � � - 5 W A 7W3 E7E 58q = : E . V = . < : E 7 Aj=Z?CA _ 367 = B R>AE=Z? BW:43SB F4A7E 7 Aj=S?9Aoa

Y]367�BH1 A q A 7 < 3 F 3ZY ��0#1'243<� � 5 � B � 1 <@?&<>? - A�Ej= 5 ?9A � �
�
_���0#1<2B3 a � � � _���0#1<2B3 a � t �)= : F

���	� ��
 �'�
�	��� 
�.+��,��)��
#���$�
��. ����� ��� " ��� �!� ��� �!�'.�� 
(����
�������
�����
������ � ���������)�� !��" ��"�
#�	� �+�#�'������� "$� 
�. .�� ��"#"�%
���'�*����� ��� " ���*
�. 

�������)�	� �)� . 
&�'��"�
(�(�%����� ���'�!"&��. 
 . �*)+���
���)�,� �	. �!� ���	�-��
.�/���!�)� �)�	���	

���	�%�$�!�)"#
�� � ���'�!�
�������10 ��-�"��1�'����� 
#� �	���#��
���� 
 .����!��-'.��	� �

OCP



BH1 A 3Z: R . F4<SW2A 7 A : EEA�<>? BH1 = B = ?9V =ZR>R@A 7 - = : F X <@F BH1 _ � �
�
_�� a9aX<@?^=8GS=Z<>R>= - R>A BH3 B97 = : ?9VW< B B91 A

G <>F4A 3 F4= B = Y]367 ��@ ��0#1'243 �d= Y B A 7 EE=2E 1 < :4;�Y]7 =ZVWA $ _'& a _ ?9AEA * A8K . Y]3Z7 F4A B =Z<>R@?fa B D�7936q�3 ?C< B < 36: A

= : F _ PVBDA8K a�=Z?9? 5 VWA B91 = B ��0#1'243 367 � � 2 � F 3 :43SB E 1 = :4; AW= Y B A 7 $ _'& a�<>?	EE=2E 1 AEF B 
 3.X A-G6A 7

BH143 ?9A 7 AG? 5 R B ?�? B <>R@R 143 R@F X�1 A : ��0#1'243 367 � � 2 � E 1 = :4; AG?E��A a EEA q8B&BH1 = B�BH1 AW= - ? 3 R 5�B A GS=ZR 5 AE?

3ZY � � = : F � � X <@R>R - A�E 3 VWA�?9V =ZR>R@A 7 � X�1 <FE 1lX 365 R>F :43ZB =bW A7E B�B91 A E 36: EER 5 ?9< 3Z: ?&< : : A a B

?9A�E B < 36: B

�
��� � � � ��� � ��
 � � � � � � � ����� � ��� �

� 1 A 7 AE? 5 R B ? < : _ PVBDA t aW= : F _ PVBDA/c a�R@Aj=ZF BH3 B91 A Y]3 R>R 3/X < :4; E 36: EER 5 ?9< 3Z: Y]367 Ej=bE 1 < :4; 36: A

Y]7 =ZVWA%$ _'& a#	 ����� ��� � ��� � � � � � � � � � � � � � ��0#1<2B3 � $ _���0#1'243 a � � ��� � � � � � � � � � � � �
�
� ��� _10 a

� � � � � 2 � _10 a B � 1 A 7 AE=Z? 3Z: ?
= 7 A�	

ACB � 793 V D�7936q�3 ?9< B < 36: A X A 1 =8G6A BH3 Ej=bE 1 A = Y]7 =ZV A - A Y]3Z7 A ��0#1'243 BH3W7 AGF 5 EEA ��� B

r B � 7C3 V _ P@BSA8K a&= : F _ P@BDA.c a �)< Y
� � 2 � <@? 7 Aj=2E 1 AGF - A Y]367 A ��0
1<2B3�_ < B A B � � � 2 � � ��0#1'243 a �

Ej=bE 1 < :4; BH1 A Y]7 =ZV A $ _���0#1<2B3 a Ej= : =ZR>? 3 7 AEF 5 EEA � � 2 � B � 367 A�? q A7EG<@T1EE=ZR>R . �`< :*BH1 <>?

Ej=S?9AZ��Ej=bE 1 < :4; = : . Y]7 =ZVWA X < B91 < :�BH1 A q A 7 < 3 F 3ZY _�� � 2 � ,B��0
1<2B3 . 1 =Z? BH1 A � � � � A-W2A�E B < :

B A 7 VW? 3SY�7 AGF 5 EE< :4; - 3ZB91 � � 2 � = : F ��� B ��<>VW<>R>= 7 R . �@EE=2E 1 < :4; = : . Y]7 =SV A 3ZY = ; <DGZA :

?9<DpEA X < B91 < :'BH1 A q A 7 < 3 F 3SY * A ,/� � 2 � . 1 =Z? B91 A � � � � A-W2A�E B 36: 7 AEF 5 EE< :8; ��� X�1 <>R@A

� � � � � � ��� ��� � � 2 � B ��AGAW�[< ; B P@B K Y]3Z7 = : <>R>R 5 ? B97 = B < 36: B � 1 A 7 A Y]367 AS�)?C<>V q R . ?CAER>A�E B < :4;

Y]7 =SV A�$ _���0#1<2B3 a <>? ;65 = 7 = :/B AGAEF BH3'7 AGF 5 EGA � � 2 � = : F ��� � X < BH14365�B 7 AE\ 5 < 7 < :4; BH3

E 3 V q45�B A � � 2 � B

O2K



P@B 	 Y � � 2 � <>? 7 AE=2E 1 AGF � � � � � ��0#1'243�_ < B A B � � � 2 � @-��0#1'243 a �;EE=2E 1 < :4; = : . Y]7 =ZVWAE? - A Y]3Z7 A

��0#1'243 EE= :*:43ZBm7 AEF 5 EEA _ 3Z7 V = . < : E 7 Aj=Z?CAoa � � 2 � B 
 3.X A-G6A 7 � Y]793 V _ P@BSA8K a � X A
Ej= :

?9AGA B91 = B Ej=2E 1 < :4;&Y]7 =ZVWA�$ _���0#1'243 a 1 =Z? BH1 A#A-W2A�E B!3SY 7 AGF 5 EG< :4; � � _�� a Y]367�BH1 A#R 36:4; AG? B

F 547 = B < 36: 3ZY�* A ,/��0#1'243 . B ��R@? 3 =Z?�V 367 A Y]7 =ZVWAE?&= 7 A Ej=2E 1 AGF � ��0
1<2B3 B A : F4? B93 < : E 7 AE=Z?9A

V 36:43ZB936: <FEE=ZR>R . B � : EEA � � 2 � � ��0#1<2B3 � X A X <>R@R 1 =8G6A BH1 A�= - 3 G6A�?9< BH5 = B < 36:�r �4= : F B91 A

: A X � � 2 � <>?�=ZR 7 AE=ZF . 7 AEF 5 EEAEF�< Y;X A Z AEA q�36: Ej=2E 1 < :4;mY]7 =ZVWA $ _���0#1'243 a B

� 1 A = - 3 G6A�= : =ZR . ?9<@?^? 143.X ? BH1 = B^BH1 AJE 1 = :8; AE? 36: ��� _10 a!= : F � � 2 � _�0 a F8A q A : F ��� � �

36: B91 A Ej=2E 1 AGF Y]7 =SV A ?9<DpEA _ < B A B � BH1 A�= - ? 3 R 58B A GS=ZR 5 AE? 3ZY � � = : F � � � � � � � � ��� � � 36:

	 _'& aCa � :83ZB^BH1 A&A a =bE B
q 3 ?9< B < 36: 3ZY)B91 AMEj=bE 1 AEF Y]7 =ZVWAZ�8=Z?^R 36:8; =Z? BH1 = B^Y]7 =ZVWA Y =ZR>R@? < : B91 A

7 = :8; A 3ZY * A ,/��0#1<2B3 . B

� 3Z7 = MML!� G <>F4A 3 � BH1 A Y]7 =ZVWAE? = 793Z54: F ��0#1<2B3 V = . 1 =8GZA F4<SW2A 7 A :/B ?9<DpEAE?G� BH1 A ?9AE= 7 E 1

Y]367�B91 A 36q8B <>V =ZR ?9AGR>A7E B < 36: 3ZY,Y]7 =ZVWAE? BH3 - A Ej=bE 1 AEFlEj= : - A E 3 V q R@A a X�1 A : EE=2E 1 A�? q =2EEA

� <>? RQ= 7C; A B � 1 A 7 A Y]367 A X A q47936q�3 ?CA = : 1 A 547 <@? B <FE = q4q4793 =2E 1 �`�4� ^ � Y]3Z7 ?9AGR>A�E B <SG6A G <@F4A 3

Ej=2E 1 < :4; < : ^�3 � : A BYXX367vZ ?E� X�1 <FE 1 ?9AGR>A�E B ? Y]7 =ZV AG? < B A 7 = B <SG6AER . B " 547 < :4; AE=2E 1 < B A 7 = B < 36: �

�4� ^ E 3 V q858B AG? B91 A � � _�� a�= : F�R 3 Ej= B AE? ��0#1'243 5 ?C< :4; _ P@B]` a � BH1 A : ?CAER>A�E B ? B91 A Y]7 =ZVWA�= B ��0#1'243

_ < B A B � $ _���0#1'243 a9a BH3 - A�Ej=bE 1 AEF B � 1 <@? q47C3 EGAE?C? <>?�< B A 7 = B AGF 54:/B <@R BH1 A�Ej=2E 1 A ? q =bEEA <@? Y]5 R>R B

� 1 A�F4A B =Z<>R@AEF q47C3 EGAEF 547 A <@?^? 5 VWV = 7 <DpEAEF < : BH1 A Y]3 R@R 3.X < :4; ? B A q ? B

f �8� � 4
�

	 : < B <>=ZR><Dpj= B < 36: B � A B 	 � A _ 	 <>? BH1 A�< B A 7 = B < 36: < : F4A a a B �!=2E 1 A BH1 A 7 AE\ 5 < 7 AEF

< : < B <>=ZR ?9A ; V A :/B % � 1 ' = : F ?CA B 0 ( E 367C7 AG? q�36: F4< :4; R . _ ?CAEA ��A7E B < 36: P@B r a B �PA B 0 � - A

BH1 AHEE=2E 1 A�< : F8<FEj= BH367 = Y B A 7!B91 A 	 �	� < B A 7 = B < 36: B ��A B � � � � % � 1�' B

f �8� � e�� �[< : F � �0#1'243 � = 7C; V = a �  �� � � _�� a#" Y]367!BH1 A 	 �	� < B A 7 = B < 36: B

Orc



f �8� � ��� �!=2E 1 A Y]7 =ZV A $ _�� �0
1<2B3 a �U?CA B � _�� �0#1'243 a � A �U?9A B*� � � � 	 _�� �0#1'243 a B

f �8� � n�� 	 Y�BH1 A 7 A <@? :43 Ej=2E 1 A�? q =2EEA R@A Y B _ � 5 t a � q8793 EEAEF 547 A A : F4? B � B91 A 7 X <>?9AS�X?CA B

	 � 	 � A � ;63mBH3 � B A q+r _ ? B = 7CB�: A a B < B A 7 = B < 36: a B

" A X <@R>R 3 - B =S< : B91 A ? 3 R 58B < 36: 0 � � 0 � = B B91 A RQ=S? B < B A 7 = B < 36: B � 3ZB A BH1 = B 5 ? 5 =SR>R .

� � 2 � @ ��0#1'243 F 547 < :4; B91 A�< : < B <Q=SR)< B A 7 = B < 36: ? B � 1 A 7 A Y]367 A < : E 7 Aj=Z?C< :4; 3ZY � � 2 � Ej= : :43SB - A

=8G 3 <@F4AEF ?C< : EGA X A 1 =8G6A B93 Ej=bE 1 A�= Y]7 =ZV A - A Y]367 A ��0#1'243 B93�7 AGF 5 EEA - = : F X <@F BH1 B � � 2 � ? B = 7(B ?

BH3 F4A�E 7 Aj=Z?CA 36: EEA � � 2 � � ��0#1'243 = Y B A 7 V 367 A Y]7 =SV AG?�= 7 AtEj=2E 1 AGF � = : F �8� ^ BH7 <>AG? BH3�Z AEA q

BH1 = B < : < B <Q=SR < : E 7 AEVWA :/B =Z?^?9V =ZR>R =Z? q 3 ?9?9< - R>A B ��AEA BH1 A 7 AE? 5 R B ?
< : ��A7E B < 3Z: PVBdcVB

� 
 � � � � �	� � � � � � � � � � 	 �M��� �1� � � � � � � ��� � � �
�

� : A a =ZV q R>A 3ZY G <@F4A 3 Ej=bE 1 < :4; < : - AE? B RNA�W 367CB : A BYX 3Z7vZ ?[<@?P? 143.X�: < : �[< ; B8P@BSA - B � 1 A`?9A 7 G6A 7 R

q47938a . E 1 = :8: AER - = : F X <>F B91 V = . 1 =8G6A GS= 7 <>= B < 36: ?�F 5 A B93 : A BYXX367vZ E 36:4; AG? B < 36: 367&3ZBH1 A 7

q 3 367 E 36: F4< B < 3Z: ? B � 1 AE?9A GS= 7 <>= B < 36: ? EE= : Ej= 5 ?CA�F 7 =ZV = B <DE F4A ;67 =ZF4= B < 36:'36: E 36:/B < :d54365 ?

G <>F4A 3 q RQ= . - =2E Z \ 5 =ZR>< B . ��?9< : EEA q =2E Z A B ? BH1 = B = 7C7 <DGZA B93�3 R>= B A = 7 A E 36: ?9<>F8A 7 AGF BH3 - A R 3 ? B B

� 1d5 ?,< B <@? 5 ?9A Y]5 R Y]367 B91 A"EER@<>A :/B B93 - 5 W A 7 =	EEA 7CB =Z< :�:d5 V - A 7�3ZY Y]7 =ZV AG? - A Y]367 A�= : F�F 547 < :4;

q RQ= . - =2E Z �P< :�367 F8A 7#B93 < : E 7 AE=Z?9A B91 A R@< Z AGR>< 143�3 F BH1 = B#Y]7 =ZVWAE?�= 7 Am=8GS=Z<@RQ= - R@A Y]367�q R>= .�- =2E Z

< :�BH1 A#F4A7E 3 F8A 7 - 5 W2A 7 F 587 < :8;�B91 A q A 7 < 3 F4? 3ZYPq =2E Z A B R 3 ? B _ F4AER>= . a B � 1 A�V 367 A Y]7 =ZV AG? = 7 A

- 5 W A 7 AEF�= B = ; <DGZA : B <@V AS� B91 A�V 367 A � � ��� ��� ��� ��� BH1 A 7 A X <@R>R - A�= ; =Z< : ? B`BH1 A q =2E Z A B F4AER>= . B


 3.X A-G6A 7 � B91 A Y]7 =ZV AG? < : MML!� G <>F4A 3 1 =8G6A F4<SW2A 7 A :/B ?C<FpGAE?E� X�1 <DE 1 V AE= : ? B91 = B B91 A

:d5 V - A 7[3SY - 5 W A 7 AEF Y]7 =ZV AG?)< : B91 A�EGR><>A :/B � ? - 5 W2A 7 V = . :83ZB - A � ��� ��� � � �dF 547 < :4;#q RQ= . - =2E Z B

OCO



D A 7 < 3 F4?�F 587 < :8;�X�1 <FE 1 BH1 A : 5 V - A 7�3ZY,Y]7 =ZVWAE?�< :�BH1 AmF8A7E 3 F4A 7 - 5 W A 7 - A�E 3 VWAE?�R 3.X = 7 A

7 A Y A 797 AEF B93 =S? B91 A�� � � � � � � ��� � � � _ R@AE?C? 7C3 - 5 ? B a B � 547 EE=2E 1 < :8;+;63 =SR 1 A 7 A <>? B93 <@V q47C3 G6A

BH1 A 793 - 5 ? B9: AE?C? -d. < : E 7 AE=Z?9< :4; B91 A :d5 V - A 7�3ZY Y]7 =ZVWAE?�< :�B91 AtEGR><>A :/B - 5 W2A 7 F 547 < :4; 7 <>? Z .

q A 7 < 3 F4? B

��? X A&= 7 A Y]3 E 5 ?9< :8;m36: = : 3 W�R�R@< : A�Ej=2E 1 < :4; =ZR ;6367 < BH1 V BH1 = B!36: R . 1 =Z? BH1 A Zd:43.X R>AGF ; A

3ZY2B91 A"G <>F4A 3 ?CAE\ 5 A : EEAZ� X A
F 3�:43ZB V = Z A#= : . =Z?9? 5 V q8B < 36: ?`= - 3658B,BH1 A#=2E BH5 =ZR - = : F X <@F BH1

GS= 7 <>= B < 36: ? X�1 <>R>A+F4A 7 <DG < :4; B91 A Ej=2E 1 < :4; =ZR ;6367 < BH1 V B � 1 A 7 <@? Z . q A 7 < 3 F4? 3ZY�BH1 A G <@F4A 3

?9AG\ 5 A : EGA"Ej= : - AXR 3 Ej= B AEF - A Y]367 A BH7 = : ?9VW<>?C?9< 36: -/. = : =SR . pE< :4;
B91 A F8A7E 3 F4A 7 - 5 W A 7 E 3Z:dB A :/B ?

F 547 < :4; = , G < 7CBH5 =ZR . q RQ= . - =2E Z � X�1 A 7 A�= E 36: ? B = :/B ?9A 7 GZA 7 R q47938a . - = : F X <>F B91 � _ EGR 3 ?CA BH3

BH1 A!=.GZA 7 = ; A G <>F4A 3 - < B R 7 = B Aja�<@? = q4q R><>AGF B � 3ZB A BH1 = B BH1 A : A BYXX367vZ E 36:8; AE? B < 3Z: V = . 1 = q4q A :

= : . B <@V A�F 547 < :4; = 7 Aj=SRSR B <>VWA�?CAE?9?C< 36: B 
 3.X A-G6A 7
BH1 AJE 36:4; AG? B < 36: <>?^V 367 A�R@< Z AER . BH3 Ej= 5 ?9A

\ 5 =ZR>< B . F4A ;67 =SFU= B < 36: X�1 A :OBH1 A EGR><>A :/B - 5 W A 7 E 36:/B =Z< : ? Y A X A 7WY]7 =ZV AG?E�`< B A B �XF 547 < :4; B91 A

7 <@? Z . q A 7 < 3 F4?W<>F4A :/B <@T4AEF%< : 36547 = : =ZR . ?9<>? B 	 : BH1 A�?9<@V 5 RQ= B < 3Z: � X A B97 = : ?CV < B9B AEF G <@F4A 3

_ X < BH1'q = 7(B <Q=SR�Ej=bE 1 < :4; a 5 ?9< :4; = ?CA 7 GZA 7 R q47C3.a . E 1 = :4: AER X < BH1 - = : F X <>F B91 GS= 7 <Q= B < 36: ? BH3

G6A 7 < Y . BH1 A&A�W A7E B <SG6A : AE?9? 3ZY�BH1 A - 5 W A 7 = : =ZR . ?9<@?�= : F BH1 AJEE=2E 1 < :8; =SR ;6367 < B91 V B

" A F8AGT : A = Y]7 =ZVWA-RNR>A-G6AER ��� ��� � ��� � � � Y]58: E B < 36: � � � _�� a � X�1 <FE 1 < : F4<DEj= B AE? B91 A :d5 V R

- A 7�3ZY � � � � � � � 
 � � ��� � � � � � � � � � � � � � �!F 547 < :4; BH1 A q RQ= . - =2E Z B � VWAj=S? 547 AEVWA :/B�3ZY�B91 A

793 - 5 ? B9: AE?C? 3ZY = G�<@F4A 3 ? BH7 AE=ZV�2 EE= : - A�F4A T : AEF+=Z?

2 � VW< :
�
 �� � _�� aC" , _ P@BDA._ a

Or_



< B A B � B91 A VW< : <@V 5 VuGZ=SR 5 A _ 7 A Y A 7C7 AEF BH3 =S? = ��� � � � � a 3ZY!B91 A - 5 W2A 7 BH7 =2EEA < : : 5 V - A 7 3ZY

Y]7 =ZVWAE? B �
<@? Z . q A 7 < 3 F�<>? BH1 A B <>VWA X�1 A : = B9793658;61 3 E�E 547 ?E�P< B A B � � � � = 7C; VW< : �  �� � _�� aC" B

� 1 A 7 A V < ;61/B - A V = : . 7 <@? Z . q A 7 < 3 F4?C� Y]7 =ZVWAE? < : 36: A ?9AE?C?9< 36: B � 1 A RQ= 7C; A 7�� � _�� a � B91 A

V 3Z7 A 793 - 5 ? B�B91 <>? G <>F8A 3 ? BH7 Aj=ZV X <>R>R - A�= 7C3654: F B <>VWA � B

� 1 A 793 - 5 ? B9: AE?C?#VWA B97 <FE
2 F8AGT : AGF�< : _ PVBDA/_ a�E 367C7 AG? q�36: F4? B93m5 ?9< :4; = � � � � � � E 7 < B A R

7 < 36: _ =Z? X A X <@R>R BH7 . BH3 V = a <>VW<FpGA�2 -d. Ej=bE 1 < :4;WY]7 =ZVWAE?G� ?CAEA - AER 3.X a B � - G < 365 ?9R . BH1 A 7 A

= 7 A =ZR B A 7C: = B <DG6A X = . ? B93 F4A T : A 7C3 - 5 ? BH: AG?9?�? 5 E 1 =Z?G� Y]367 < : ? B = : EEAS� B91 A =8G6A 7 = ; A :d5 V - A 7

3ZY�Y]7 =ZVWAE?^< : B91 A - 5 W A 7 _ 7 A Y A 797 AGF B93 =S?�= � � ��� 
 � � � � � E 7 < B A 7 < 36: a
	

2 2 � A
�

��
� � (

� � _�� a � _ P@BDA8` a

�,=2E 1+3ZY)BH1 AG?9A BYX 3 V AE=Z? 587 AE? 3ZY[793 - 5 ? BH: AE?9?G� 2 3Z7 2 2 �UR>AE=ZF4? 5 ? BH3 F4<DW A 7 A :/B =SR ;6367 < B91 V ?

BH3 ?9AGR>A�E B"X�1 <DE 1 Y]7 =ZVWAE?^? 18365 R>F - AMEj=2E 1 AEF B � 367 V 3 ? B ?[EEA : = 7 < 3 ?^< : B91 <>?"E 1 = q8B A 7 � X A 5 ?9A

BH1 A��+= a ��< : E 7 < B A 7 < 36:mY]367`793 - 5 ? B9: AE?C?E�4= : F X A X <@R>R 5 ?CA B91 A���= a � G6A 7 = ; A E 7 < B A 7 < 36:�36: R .

BH3 - 7 Aj= Z B91 A B <@A =SV 36:8; V 5 R B < q R>A E 143 <DEEAG? BH1 = B =ZR>R,<@V q47C3 G6A@2 < : BH1 A ?H=ZVWA X = . _ ?CAEA

��A7E B < 36: P@B]K@BQP a B

� 3ZB A BH1 = B � � _�� a _ VWAj=S? 547 AEF < : :d5 V - A 7!3SY Y]7 =ZVWAE?Ha`<@? 5 ?CAEF B93 Ej=ZRDE 5 R>= B A 793 - 5 ? B9: AE?C? �

X�1 <>R@A � _�� a _ V AE=Z? 547 AEF�< : :d5 V - A 7
3ZY - < B ?G�U?9AGA _ P@BDA2A a�a <>? 5 ?9AGF B93 F4A B A 7 VW< : A BH1 A 3 E7E 5 R

q = : E . 3ZY`BH1 A EER@<>A :dB&q81 . ?C<FEj=SR - 5 W A 7 F 547 < :4; q RQ= . - =2E Z B 	 B ? 143Z5 R>F - AWAGV q81 =Z?9<DpEAGF B91 = B

� � � � BH1 A Y]7 =ZVWAE?&< : BH1 A EGR><>A :/B � ? q41 . ?9<DEj=ZR - 5 W2A 7 = : F BH1 A�Ej=bE 1 AEF Y]7 =ZV AG?�= B B91 A q47938a .

= 7 A�E 3Z54:/B AEF =Z? B91 A � 
 � � ��� � � � Y]7 =SV AG? Y]3Z7,B91 A EGR><@A :/B B 	 : 3ZB91 A 7 X 3Z7 F4?G�@Ej=bE 1 AEF Y]7 =ZVWAE? Ej= :

OC`



< : E 7 AE=Z?9A � � _�� a _ = : F B91 A 7 A Y]367 A B91 A 793 - 5 ? B9: AE?C?fa � X�1 <>R>A :43ZB 3 E7E 58q . < :4; EER@<>A :/B q41 . ?9<FEE=ZR

- 5 W A 7 �U< B A B � BH1 A . F 3�:43ZB < : E 7 AE=Z?9A � _�� a � B

�
� � ��� � ����� ��� � � ��� � � � � �������

	 : BH1 <@?tEE=Z?9A B91 A F4A�E 3 F4A 7 - 5 W2A 7 ?9<DpEA �!A <>? B91 A - 3ZB9B R>A : A7E Z < : <@V q8793 G < :4; 2 B � 367 A a R

=ZV q R>AS�,=�? BH7 =Z< ;Z1dBCY]367[X = 7 F X = . B93 <>V q4793 G6A@2 <>? BH3 Ej=2E 1 A BH1 A , AE= 7 R@<>A 7/.+Y]7 =ZV AG? Y]793 V

BH1 A - A ; < :4: < :8;�3ZY G <>F8A 3 ?9AE\ 5 A : EEA B � 1d5 ? BH1 A EGR><>A :/B Ej= : 7 A B97 <@A�G6A BH1 A , RQ= B A 7/.&:43Z: RYEE=2E 1 AEF

Y]7 =ZVWAE? Y]793 V BH1 A^?CA 7 GZA 7 � X�1 <@R>A!< B <>?[F4<>? q RQ= . < :4;�B91 A"Ej=bE 1 AEF Y]7 =ZVWAE? 7 A B97 <>A-G6AGF Y]7C3 V q87938a . B

� B B91 A B <@V A X�1 A : BH143 ?9A , R>= B A 7/. Y]7 =ZVWAE? BH1 = B = 7 A :43ZB Ej=bE 1 AEF'? B = 7CB BH3 - A F4<>? q RQ= . AGF �

V = : . 3ZYPB91 AEV = 7 A�=ZR 7 Aj=ZF .W- 5 W2A 7 AEF = B!BH1 A EER><@A :/B ��= : F B91 A 7 A Y]367 A 2 <>? <@V q8793 G6AGF B 
 3.X R

A�GZA 7 � BH1 <@?!V A BH143 F�E 365 R>F ? 3 36: TUR@R 54q B91 A	EGR><>A :/B - 5 W A 7 ?9< : EEA B91 A Y]7 =SV AG? 7 A BH7 <@A�GZAEF Y]793 V

BH1 Am?CA 7 G6A 7 = 7 A :43ZB�q RQ= . AGF 54:/B <>R[=ZR>R BH1 A Ej=2E 1 AGF Y]7 =ZVWAE? _ ?vE 1 AGF 5 R@AEF BH3 - AmF4<>? q RQ= . AGF = B

Aj= 7 R><@A 7[B <>VWAoa = 7 A
F8<>? q RQ= . AGF B � 1d5 ? BH1 A
?9A 7 G6A 7 V = . 1 =8G6A BH3 ?CR 3.X F 3.X�:WBH1 A BH7 = : ?CV <@?9?9< 36:

? q AEAGF X�1 A : BH1 A EER@<>A :/B - 5 W A 7 <@? Y]5 R@R � X�1 <DE 1gX =S? B A B91 A - = : F X <>F BH1+B93 Y]547CB91 A 7 < : E 7 AE=Z?9A

BH1 A 7C3 - 5 ? BH: AG?9? B � 1 A 7 A Y]367 A�= q87936q A 7 ?CAER@A7E B < 36: ?[E 1 AEVWA�? 14365 R>F - AmF4AE?C< ;6: AGF 54: F4A 7&B91 A

E 36: ? BH7 =Z< :/B =�R@<>VW< B AGF VWAEV 367 . - 5 W A 7���A B " A Y]3Z7 V 5 R>= B A BH1 A EE=2E 1 < :8;�q8793 - R@AEV =Z? Y]3 R@R 3.X ?

_ =Z?C? 5 VWA � � 2 � <>? Zd:43.X�: a B

�I&/���,�<��i � ��&(il$;�<�@�/
<� 6 e�� � ��
 � � � � � � � � ��� ��� � � � � � � � � � � � 	 � � � 2 � � ��� � � �

� � � � � � � � � � � � � � � � ��� 
 � � � � ����� � � � � � � � � � � � � � � � � � � � ��� ��� � � ����� ? � � � �����

����� � � ������� � � 0 � � ��� � � � � ��� ��� ��� ��� � � � � � � ��� � � � � � � � ��� � � � � ��� � � � � � 0 � ��� � � � � � � � � �

��� � �!
�� % ����
 . 
�. ���)-�� , �$� �!- . �
����� � ���#���	�*��� � � �	. � ��� , �
��� �)�#���$� � -�
�����"&�*����� � �'���� ��*��
&�,� � , ���������
����� 
�� ��" ����,'����� �)

� � %�.�-'�#� ���'�!������� � �	�!� , ���� ���"�-'���	� ���)�,� ������� ���'.�-��'����
���� ��� � "#
�� � �	���!��.�
��	�!"�,�-�� � � %
.�� � �  ���" �!� � ��
����*
������	� �)
#����" ���&���

O o



� � ��� ��� ��� ����2 � VW< : �  �� �� � _�� a#" � � � � � � � � �
��� � � � � � � � � � � � � ��� � ��� � � � � � � � � � � � � � � � �

��� ��� � ���
�
� � � 2 � B

�
� � � � � ��� � 	 
���
 ��� ��� � ��� �
� � 	 � � � ����� 	 � 	 ��� ���

� 1 A -/. B A-RNR>A�GZAER - 5 W A 7^B97 =2EGA Y]58: E B < 36:@� _�� a"EE= : - AME 3 V q858B AGF Y]7C3 V _ P@BDA2A a B � 1 A Y]7 =ZV A R

R>A-G6AER - 5 W A 7WBH7 =2EEA Y]54: E B < 36:�� � _�� a Ej= : - A 3 - B =Z< : AEF -/. ?C<>V 5 RQ= B < :4; BH1 A BH7 = : ?CV <@?9?9< 36:

Y]7 =ZVWA -/. Y]7 =ZVWAZ�d=Z?C? 5 VW< :4;&BH1 = BXB91 A :43 VW< : =ZR@E 1 = :4: AGR 7 = B A � <>? q47C3 G <@F4AEF B � : A a =ZV q R>A

<>?^? 143.X�: < : �[< ; B�PVBdcVB

" A T 7 ? B ? BH5 F . BH1 AtEj=Z?CA 3ZY Ej=2E 1 < :4; = ?C< :4; R@A Y]7 =ZV A B � 3Z7 = ; <SG6A : 0 �2= : F =8GS=Z<>R>= - R@A

E 1 = :4: AER - = : F X <>F B91 � �2< Y�BH1 A EER@<>A :/B - 5 W2A 7 ?9<DpEA _ � � 2 � a#<@?�RQ= 7C; A A :43654;Z1 � < B A B � � � 2 � �

V = a �  �� � _�� a#"d� BH1 A : - =S?9AEF 36: _ P@BSACA a X A 1 =8G6A

� � _�� a � � _�� � ? a � ��� _�� a

� � _�� � ? a � � ��
��� ( 	 � �

��
��� ( � _�� a 	 _�� a��

� ��� _�� a � ��
��� ( � _�� a 	 _�� a , _ P@BDA o a

X�1 A 7 A �!� _�� a�<>? B91 A - 5 W A 7�BH7 =2EEA _ < : - < B ?fa X�1 A 7 A :43 Y]7 =ZVWA <@?MEj=2E 1 AGF _10 � 	 a B � 793 V

_ P@BSA o aP< B Ej= : - AX?9AEA :mBH1 = B ��� � � � ��� ����� � � � � � $ _'& a � � � � � � � � � � � � ��� ��� � � � � � � � � _�� a � � �

� � � � ��� � ��� ��� � � * & , � . � � � � � ��� � � ��� � � � � � ���
�
� 	 _<& a B � 1 <@?�<>? - A�Ej= 5 ?CAZ� = Y B A 7 - AE< :4;

Ej=2E 1 AEF � Y]7 =ZVWA $ _'& a X <>R@R - A Y A B E 1 AEF Y]7C3 V BH1 A q47938a . 7 = B91 A 7`BH1 = :WY]793 V B91 A�?CA 7 GZA 7 � BH1d5 ?

=ZR>R BH1 A :436: R Ej=2E 1 AEF Y]7 =ZV AG?&RQ= B A 7�BH1 = : $ _'& a�= 7 A , ? 1 < Y B AEF .�B93 = : Aj= 7 R><@A 7�BH7 = : ?CV <@?9?9< 36:

_ t



B <@V A _ - A7Ej= 5 ?9A Y]7 =ZV A $ _<& a <@? ? Z < q8q AGF Y]367 BH7 = : ?CV <@?9?9< 36: a Y]793 V ?9A 7 G6A 7 B � 143 ?9A R>= B A 7

Y]7 =ZVWAE? _ = Y B A 7 $ _'& aCa X <>R@R�? B = . < : B91 A"EER@<>A :dB - 5 W A 7�Y]367 =�R 36:4; A 7 q A 7 < 3 F�= : F B91d5 ?�< : E 7 AE=Z?9A

� � _�� a _ = : F E 367C7 AE? q 3Z: F4< :8; � �� _�� a9a � -d. Ej=2E 1 < :4; $ _<& a B

� ?C<>V q R>A^A a =SV q R@A 3ZY2B91 A ,(7 =Z<@?9A . < :&� � _�� a`= Y B A 7 Ej=bE 1 < :4; $ _'& a <>?`? 183/X�: < : �[< ; BrP@B]O@B


 3.X A�G6A 7 � _ P@BDA o a�F 3 AG? :43ZB#143 R@F�< Y)BH1 A 7 A <@?�= B < ;61/B - 5 W A 7 ?C<FpGA R><@V < B = B < 36: �8< B A B � � � 2 � �

V = a �  �� � _�� a#" B 	 YPBH1 A�F8A7E 3 F4A 7 - 5 W A 7 <>? Y]5 R>R � B91 A : B91 A�?CA 7 GZA 7 = : F q47938a . 1 =8G6A BH3 7 AEF 5 EEA

BH1 A B97 = : ?CV <@?9?C< 36: ? q AGAEF � X�1 <DE 1 VWAj= : ? � _�� a <>?^?CV =SR>R>A 7XB91 = : � � 3SBH1 A 7[X <>?CA q =2E Z A B ? X <>R@R

- A&F4<@?vEE= 7 F4AGF�F 5 A BH3 EER@<>A :/B - 5 W2A 7
3 GZA 7 � 3/X B

�I&/� � �%�8
*�/
�� 6 e 	 YPBH1 A 7 A#A a <>? B ?!= � � 2 � _ F8AGT : AGF < : _ P@BSA r aCa�? 5 E 1 BH1 = B ��� _�� � 2 � a � � � 2 �
_ X�1 A 7 A � � 2 � <>? BH1 A Z :83/X�: V = a <>V 5 V - 5 W A 7 ?C<FpGAoa � BH1 A : Ej=2E 1 < :4;�3Z: A Y]7 =ZV A�$ _�� � a X�1 <FE 1

<>? R 3 EE= B AGF - A Y]367 A � � 2 � _�� � � � � 2 � a,Ej= :W3Z: R . < : E 7 Aj=S?9A BH1 A - 5 W A 7 BH7 =2EEA -/. = q4q47938a <>V = B AER .

	 _�� � a - A BYX AEA : B <@V A �� � = : F � � 2 � � X�1 A 7 A �� � <@? BH1 A BH7 = : ?CV <@?9?9< 36:mB <@V A 3SY2Y]7 =SV A $ _�� � a � = : F
�� � � � � �A� � 2 � B

� � _�� a �

��������������� ��������������

��� _�� a < Y ��5 �� � ,

��� _�� a � 	 _�� � a < Y �� � � ��5 � �� 2 � ,

� � 2 � < Y � �� 2 � � ��5 � � 2 � ,

��� _�� a < Y � � 2 � � ��5 � B

_ P@B rSt a

��AEA BH1 AW� q8q A : F4< a Y]3Z7 = q47C3�3ZY B 	 : ? 14367CB � - A Y]367 A � � _�� a 7 Aj=bE 1 AE? � � 2 � _ < B A B � � � � ���

� �� 2 � a �U< B <>? , R@< Y B AGF . =2E�E 367 F4< :4;mB93 _ P@BDA o a � = : F+=Z?
= 7 AG? 5 R B�� � _�� a X <>R>R 7 AE=2E 1 � � 2 � = B = :

, Aj= 7 R><@A 7B.+B <@V A � �� 2 � _ X�1 A 7 A � �� 2 � � � � 2 � a B � 1 A :'BH1 A q47C38a . = : F!� 3Z7 ?9A 7 G6A 7�1 =8G6A BH3

7 AGF 5 EEA BH7 = : ?CV <@?9?9< 36: ? q AEAGF�= Y B A 7^B <@V A ���� 2 � X�1 A :�B91 A - 5 W A 7 <>? Y]5 R@R � 54:/B <>R2< B <>?^F 7 =Z< : AEF

_VA



BH3 =2E�EEA q�B
Y]587CBH1 A 7 FU= B = B � 1 <@? 7 AEF 5 E B < 36: Ej= : EEAER@? 3658B^B91 A , A a BH7 = .mY]7 =ZVWAE?"E 5 V 5 R>= B AGF < :

BH1 A - 5 W A 7 ��? 3 B91 = B`BH1 A 7 AGV =Z< : < :8; - 5 W A 7,BH7 =bEEA Y]367 � @ � � 2 � <>? BH1 A
?H=SV A
=Z?`< Y2:43�Y]7 =ZVWAE?

= 7 AJEE=2E 1 AEF B ��AGA��[< ; B@P@BQ_ Y]3Z7 = : <@R>R 5 ? B97 = B < 36: B

�!=2E 1 < :8; V 5 R B < q R>A Y]7 =ZVWAE? <>?m?9<@V <@RQ= 7&BH3 B91 A ?9< :8; R>A Y]7 =ZVWA
Ej=Z?CA B " 1 A : =ZF4F8< B < 36: =ZR

Y]7 =ZVWAE?�= 7 A EE=2E 1 AEF2� B91 A - 5 W A 7�B97 =2EGA � _�� a�<@? ,C7 =S<>?9AGF . E 3Z: ?9AG\ 5 A :/B R . �)= : F V = . 1 < B�B91 A

V = a <@V 5 V - 3Z54: F � � 2 � = B V 367 A q 3 < :/B ? B � 1 A 7 A Y]367 AS� X A E 36: EGR 5 F4A B91 = B � � � � ��� � � ���

� � � � � ��� � ��� � � � � � � � � � � � � � ��� ��� � � � � � � � � � � � � � � � � � � � ��� � � ��� � � � � � � � ����� ��� ��� � � �� �

� � � ��� � � ��� � � � ��� � � 2 � � � � � � � � � ��� � � � � � � � � _�� � 2 � a � � � 2 � �

�
� � � � � ��� � ��
 � � � � 	 � � ����� � ��� �

L!=Z?CAEF 36:�BH1 AX= - 3 G6A�E 36: EGR 5 ?C< 36: ?G� X A :43.X'q47C36q�3 ?9A BH1 A!��AER@A7E B <DGZA!�!=bE 1 < :4;
Y]367 L AE? B R�A-W 3Z7CB

: A BYXX367[Z ? _ �4� L^a � X�1 <FE 1 < B A 7 = B <SG6AGR . ?CAER>A�E B ? 36: A Y]7 =ZVWA BH1 = B <>?`R 3 Ej= B AEF X < B91 < :�BH1 A 7 = :4; A

3ZY * � � 2 � ,/� � . � X�1 A 7 A � � 2 � <>? B91 A EGR 3 ?CAE? B - 5 W2A 7 q Aj= Z B <>VWA - A Y]367 A � � B � : A a =SV q R@A 3ZY �4� L

<>?&? 183/X�: < : �[< ; B:P@B]` � X�1 A 7 A B9793654;Z1 ? 3 E�E 547 ? = B � ( = : F �)( - A Y]367 A�EE=2E 1 < :4; B � E7E 367 F8< :4;

BH3�D�7936q�3 ?9< B < 36: r �,EE=2E 1 < :8;�Y]7 =ZV AG? - A Y]3Z7 A BH1 A - 5 W A 7�q AE= Z�B <@V A � = X <>R>R :43ZB R>< Y B � � _�� a

= Y B A 7 � = B � 3 = Y B A 7 EE=2E 1 < :8;�Y]7 =ZV AG? - A Y]367 A - A Y]367 A � ( B93 < : E 7 Aj=Z?CA � � _�� ( a � X A�? 14365 R@F ?CAER>A�E B

Y]7 =ZVWAE? - A BYX AGA : � = = : F �)( BH3 < : E 7 Aj=Z?CA � � _��)( a _ ?CAEA&�[< ; B@PVBQ` _ - a9a �4= : F BH1 A 7 A Y]3Z7 A�<@V q47C3 G6A

2sF4AGT : AEF�< : _ P@BSA/_ a B � 1 A�F4A B =Z<>R@? 3SY �4� L =ZR ;63Z7 < B91 V = 7 A&? 5 VWV = 7 <DpEAEF�< : BH1 A Y]3 R@R 3.X < :8;

? B A q ? B

f �8� � 4
�

	 : < B <>=ZR><Dpj= B < 36: B �8=SV A&=Z?#� B A q A < : �4� ^ =ZR ;6367 < BH1 V B ��AEA ��A�E B < 36: P@B]P@B]K@B

_ r



f �8� � e
�

	 :�BH1 A 	 �	� < B A 7 = B < 36: �4T : F B91 A V 3 ? B � � � � � q A 7 < 3 F � �� � = 79; V < : �  �� �

�
_�� a#"d��A B ; B �

B <@V A � ( < : �[< ; BhP@BQ` = B 	 YPBH1 A 7 A�= 7 A#V 5 R B < q R@A � �� �VE 143�3 ?9A B91 A#T 7 ? B^3Z: A _ BH1 A&��= a ��< :

E 7 < B A 7 <>=W<@?�= q4q R><@AEF�T 7 ? B � = : F �+= a ��G6A 7 = ; A <>?�= q4q R><@AEF BH3 - 7 AE= Z�B91 A B <>AHE 143 <DEEAE?#< Y

: AGAEF4AGF a B

f �8� � �
�

�[< : F BH1 A ��� � � � ��� - 5 W2A 7mq AE= Z B <>VWA � �� 2 � - A Y]367 A BH1 A
E 143 ?9A : � �� _ A B ; B � � = Y]367

7 <@? Z . B <>VWA �)( < : �)< ; B@P@BQ` - a B 	 Y):43 V = a <>V 5 V q Aj= Z A a <>? B ? - A Y]367 A � �� �U?9A B � �� 2 � � t

_ A B ; B � � � t Y]367 � ( < : �)< ; B@P@BQ` =/a B � 3ZB A BH1 = B � �� 2 � <@? 3 - B =S< : AGF Y]7C3 V B91 A -d. B A-R�R@A�GZAER

- 5 W A 7^B97 =2EGA � � � _�� a B

f �8� � n
�

��AGR>A�E B ����� Y]7 =ZV A $ _ 9 � a X�1 <DE 1 <>? 7 < ;61/B = Y B A 7 � �� 2 � _ 3 - B =Z< : AEF < : � B A q P a BH3 - A

Ej=bE 1 AEF � ?9A B�BH1 A � _ 9 � a � A2B I q FU= B A BH1 A BH7 =2EEA � �� � _�� a#= : F+?9A B�� � � � 	 _ 9 � a B

	 Y � 5 t � BH1 A 7 A&<>? :83ZB A :43Z54;61 ? q =2EGA&R>A Y B!36: q47938a . � q47C3 EGAEF 547 A&A : F4? B � B91 A 7 X <>?CAZ�

?9A B 	 � 	 � A � ;63mBH3 � B A q r B

	 : Aj=bE 1 < B A 7 = B < 36: � X A#T 7 ? B R 3 Ej= B A BH1 A � � Y]367 2 � B91d5 ? B93 < : E 7 Aj=Z?CA 2 <@? BH1 A
?H=ZVWA
=Z? BH3

< : E 7 AE=Z?9A � � _�� � a B � 793 V D�7C36q 3 ?9< B < 36:+r � X A Zd:43.X�BH1 = B < :+367 F4A 7
BH3 < : E 7 Aj=Z?CA � � _�� � a � X A

1 =8G6A BH3 EE=2E 1 A BH1 A Y]7 =ZVWAE? � � � � � BH1 A : AE= 7 AG? B&q47 A�G < 3Z5 ? - 5 W A 7�q Aj= Z�B <@V A B ( � < : EGA BH1 A 7 A

V < ;61/B - AmV 5 R B < q R@AtE 143 <FEEAG? Y]3Z7 ?9AGR>A7E B < :4; � A B ; B �;EE=2E 1 < :4; = : . Y]7 =ZVWAE? - A BYX AEA : � � 2 � = : F

� � Ej= : < : E 7 Aj=S?9A � � _�� � a � BH1 A���= a � G6A 7 = ; AME 7 < B A 7 <Q= Y]367 7C3 - 5 ? BH: AG?9? 7 AG\ 5 < 7 AG? BH3 ?CAER@A7E B^B91 A

��� -�� ������"�
 .����

#�'� ���$��.�������� ��-��
, � � �!� ��� �!
�"���,�"#����� � � �$. 
�� ����� ,�-�� � � ��-���
���� ����� �'"�����,'����� %,0*��
��#�

 .	� �$��.�-����$� ,!�����/
�� � � )+��� �  ������ � �!"�-�� ���	�
� 
�� � � ��� �'����� �
.�"#
&�,� �)"
� ��
 � �	���	����. � � � �����)�,��� 
�� ��%���-��
����� � �!�)
���,�"�� . 
�
 � ��� ���)�,� �$. 
�������� ��
���� �'��� ��0 � ��� � %����'�

��'���)��� � � ��
���� 
�� � .�����-�" ���!" .�� "#�$���*��� �����

��'���)��� �	��� 
#��� � 
�� � 0*���	� �����	����
 . � ���)� ���!�)� 
�� ����� ��"�
#�	� � ,�-�� � �$� )+�'� �)�������)�����'�����$. -'"(� . 
�� 
 ���&����� �!�'�

 ������� � �	�!�%�!" . � , � � ����"�
��	� ��� � �/������ �
&� � ��� ���'� 
��'� ��� � �	� ��
#��� � 
�� ���!� ���	��� ���#�'
#��� � ��� � � � ��
.�����

_2P



Y]7 =ZVWA Y]547(BH1 AG? B = X = . Y]793 V � � - 58B = Y B A 7 B91 A : Aj= 7 AE? B q47 A�G < 3Z5 ? q AE= Z � � � 2 � B � 1 <>? q47C3 G <@F4AE?

BH1 A&R>= 79; AG? B < : E 7 Aj=Z?CA�< : =.GZA 7 = ; A 793 - 5 ? B9: AE?C? 2 2 B

�
� � � � � � 	 ��� ��� � � � ���

L 3ZB91 �4� ^ �6�4� L =ZR ;Z367 < BH1 VW?,?9AER@A7E B � � � � � � ��� ��� Y]7 =ZVWAE? X�1 A : BH1 A 7 A�<>?XV 3Z7 A	EE=2E 1 A�? q =2EEA

=8GZ=S<>RQ= - R>AS� X�1 <>R>A BH1 A Y]7 =ZVWAE?#?9AER@A7E B AEF AE= 7 R@<>A 7 ? B <>R@R 7 AEV =Z< : - AG< :4; EE=2E 1 AGF B � 1 A 7 A Y]367 A X A

Ej= :Wq A 7CY]3Z7 V B91 A��4� ^ �6�4� LO=ZR ;63Z7 < B91 VW? Y]367 B91 A E 3 V q R>A B A G <>F8A 3 ?9AE\ 5 A : EEA BH3 F4A B A 7 V < : A

BH1 A � � � � � 3ZY =ZR>R Y]7 =ZVWAE? B93 ?9AER@A7E B AEF Y]367 EE=2E 1 < :8; _ BH1 <@?	Ej= : - A�=2E 1 <@A�G6AGF -/. ?CA BCB < :8; B91 A

Ej=2E 1 A ? q =2EEA AE\ 5 =ZR BH3WBH1 A ?9<FpGA 3SY[BH1 AIG <>F4A 3 a ��= : F+? B9367 A BH1 A 7 AG? 5 R B ?#< :/BH3 = ��� � � � � � � � � B

" 1 A : BH1 A =8GZ=S<>RQ= - R>A EE=2E 1 A ? q =2EGA < : E 7 Aj=Z?CAE? 367 F8A7E 7 Aj=Z?CAE?G� B91 A : BH1 A q47938a . Ej= : =ZF4F

367�7 AEV 3 G6A Y]7 =ZV AG? BH1 = B�: AGAEF BH3 - AIEj=2E 1 AGF =2E7E 367 F4< :4; B93 BH1 A EE=2E 1 A B = - R@AZ� X < BH143Z58B�7 A-R

E 3 V q458B < :4;
BH1 A ?9AER@A7E B < 3Z: q47C3 EGAEF 547 A B � 1d5 ?G� BH1 A�Ej=2E 1 < :4; ?vEE=ZRQ= - <>R@< B . = : F R 3.X E 3 V q R@A a < B .

_ Y]367^3Z: R>< : A 36q A 7 = B < 36: ? 3ZY�BH1 A q47C38a . a"Ej= : - A�=2E 1 <>A-G6AGF � -d. 5 ?9< :8; ? 5 E 1 = EE=2E 1 A B = - R@A B

� 
 � ��� �k� � � � �	�
� �
� � �M� � �����

� a8q A 7 <>VWA :/B =SR 7 AE? 5 R B ? 36:*BH1 A��4� ^ =SR ;6367 < B91 V F4AE?[E 7 < - AGF < : � A7E B < 36: P@B]P@B K = 7 A ? 183/X�:

< : �)< ; B;P@B o B � G <>F8A 3 EER@< q _ q = 7(Bm3ZY V 3 G�<@A � � � � � � ����< : � D �`�	R A * rbo . a X < BH1 A t � t6t6t

E 36: ?9A7E 58B <SG6A Y]7 =ZVWAE?�<@? 5 ?9AGF Y]367 ?C<>V 5 R>= B < 36: B � 1 A 3Z7 < ; < : =ZR'G <>F4A 3�1 =Z? BH1 AW=8G6A 7 = ; A 7 = B A

_ 	 2���� a 3SY c � cVA.O � L < B ?C�S?CA7ES� _ q AE= Z+Y]7 =SV A 7 = B A�<>? o � `@A r � L < B ? �S?9A�Eoa B � 1 A BH3ZB =ZR ?C<FpEA 3ZY

G <>F4A 3 EER@< q _ 	 � � � 2 � a�<>? r ` t BQO �gL . B AG? B �[< ; B/P@B o =#? 143.X ? BH1 = B)B91 A q47C36q�3 ?9AGF��4� ^ =ZR ;Z367 < BH1 V

Ej= :�7 AEF 5 EGA BH1 A^?CA 7 GZA 7 R q47C3.a .�- = : F X <>F BH1 =ZR>V 3 ? B[BH1 A
?9=ZVWA^=Z? BH1 = B,3ZY BH1 A q87 AGT a Ej=2E 1 < :4;

_bK



=ZR ;Z367 < BH1 V B �)< ; B'P@B o - ? 143.X ? B91 = B =Z? A a�q A�E B AGF � B91 A �4� ^ =ZR ;6367 < BH1 V 7 AG\ 5 < 7 AE? = V 5 E 1

?9V =ZR>R@A 7 EGR><>A :/B - 5 W2A 7 ?C<FpEA BH3 =2E 1 <>A-G6A BH1 A#?H=ZVWA - = : F X <@F BH1 7 AEF 5 E B < 36: =Z? q47 AGT a EE=2E 1 < :8; B

	 :%BH1 A�A a�q A 7 <>VWA :/B ? 3ZY �4� L =ZR ;6367 < BH1 V�� BH1 A G�<@F4A 3 EER>< q 1 =8G < :8; A t � t6t6t Y]7 =ZVWAE? <>?

A : E 3 F8AEF X < B91 � D �`�	R r 54: F8A 7�7 = B AIE 36:/BH7C3 R � ?9<@V <@RQ= 7!B93 * c2c . B � 1 A 367 < ; < : =ZR G <@F4A 3 F4= B =

1 =Z?[= : =8G6A 7 = ; A 7 = B A _ 	 2���� a 3SY�r � ACA r � LX< B ? �S?9A�EZ� X < BH1 q AE= Z FU= B = 7 = B A r � K t6t � L . B AE? �S?9A�E B

� 1 A�=8GZA 7 = ; A Y]7 =ZV A ?C<FpEA�<>? `C` � LX< B ? B � 1 A+=.GZA 7 = ; A E 1 = :4: AER - = : F X <>F B91 � � �!<>? =ZR@? 3

r � ACA r � L < B ? �S?9A�E B � 1 A�EER@<>A :/B - 5 W A 7 ?C<FpGA _ ��A a�<>? cVA r � L . B AE? B �[< ; B�PVBDA t =�? 183/X ? B91 A

793 - 5 ? B9: AE?C?�2 � VW< : �  �� � _�� a#" X < B91�7 AG? q A7E B�BH3WBH1 A q A 7 EEA :dB = ; A 3SY G <>F4A 3 - AG< :4; Ej=2E 1 AEF B

�[< ; B3P@BSA t - ? 143.X ? B91 A =.GZA 7 = ; A :d5 V - A 7 3ZYXY]7 =ZVWAE?&< : B91 A - 5 W2A 7 F 547 < :4;�B91 A q RQ= . - =2E Z �

367 2 2 � (
� 
 �� � ( � � _�� a B � 3ZB A B91 = B =Z?�F8AGT : AGF < : ��A7E B < 3Z: PVB]K�BSA � B91 Am?9AGR>A7E B <SG6A Ej=2E 1 < :4;

5 ?9AG? BH1 A���= a ��< : 7C3 - 5 ? BH: AG?9? E 7 < B A 7 < 36: T 7 ? B^7 = BH1 A 7 BH1 = : BH1 A���= a � G6A 7 = ; AHE 7 < B A 7 < 36:WBH3

AER@<>VW< : = B A B91 A XX367 ? B EE=Z?9A�T 7 ? B B " 1 A :�36: R . = q�367CB < 36: 3ZY)B91 A	G <>F4A 3 <>?"EE=2E 1 AEF2� BH1 A��4� L

3658B9q A 7CY]367 V ? q47 AGT a EE=2E 1 < :4; < : - 3SBH1 Ej=Z?CAE? _ Y]367 2�= : F 2 2 a B

�[< ; B�P@BSACA ? 143.X ? BH1 A�?9<>V 5 RQ= B < 36:�7 AE? 5 R B ? BH3 GZA 7 < Y . BH1 A�A-W2A�E B <DG6A : AE?C? 3ZY 36547 F4AGT : < B < 36:

3ZY 7C3 - 5 ? BH: AG?9? _ 2 = : F+2 2 a B " A�?9<>V 5 RQ= B A BH1 A�F4AGR><DGZA 7 . 3ZY ? BH7 Aj=ZVW< :4; G <>F4A 3�X�1 A : < B <>?

q = 7(B <Q=SR>R . EE=2E 1 AGF B � 1 AHEE=2E 1 AGF q = 7(B�3ZY BH1 AMG <>F8A 3 <>?!?CA :/B
BH3 EER@<>A :dB^Y]7C3 V B91 A q47C3.a . X < BH1

:43 R 3 ?C? B � 1 A :43Z: RYEE=2E 1 AEF Y]7 =SV AG?�= 7 A 7 A BH7 <>A-G6AEF Y]793 V ?9A 7 GZA 7 _ G <Q= q47C38a . a �U? B = 7CB < :4; Y]793 V

BH1 A - A ; < :4: < :4; 3ZY`BH1 A q R>= .�- =2E Z ?9AG?9?9< 36: ��= : F B91 A�FU= B = <@? - 5 W A 7 AGF = B EER><@A :/B&54:/B <@R < B <>?

F4<>? q RQ= . AEF B � 1 AJEER@<>A :dB�q81 . ?C<FEj=SR - 5 W2A 7 ?9<FpGA&<>? cVA r � L B

��)+��� ���$��.���� ��� �,����"&� � � �)���������)����"�
 .���� ������
 � "��������*� �!�)
����'��� ��� ��
 ��� � ��� � � �)�!�����)�
������
�� � �!���	� ��
 �!"
��� � 0 ��� � � �������	. ��
����*
#�%� , �	. � " � � �������'��� 0 ��� � �

_Cc



" A 5 ?9A = - < : = 7 . A 7 =Z? 547 AIE 1 = :4: AGR _ L!�`�^a * rZt . BH3 V 3 F4AER B91 A�?9A 7 G6A 7 R q87938a . E 1 = :4: AGR B

� q =2E Z A B _ X A 5 ?CA =+T a AEF q =2E Z A B ?9<DpEA 3ZY cVA r -/. B AE?Ham<@? R 3 ? BtX < BH1*q47C3 - = - <>R>< B . ; �`= : F

= 797 <DGZAE? B93 BH1 AtEER><@A :/B E 36797 A7E B R . X < B91�q47C3 - = - <@R>< B . A � ; � X�1 A 7 A ; <@? BH1 A E 1 = :4: AER q =bE Z A B

R 3 ?C? 7 = B A B �#R>R`R 3 ? B q =2E Z A B ? = 7 A 7 A�E 3 G6A 7 AGF -/. 7 A B97 = : ?CV <@?9?C< 36: B 	 : B91 <>? ?9<>V 5 RQ= B < 36: =ZR@R

Y]7 =ZVWAE? � � 
 � � � � � � ����� ��� � BH1d5 ?#< Y = Y]7 =SV A�= 7C7 <DGZAE? BH3 3 R>= B A B93WB91 AIEGR><@A :/B � F 5 A BH3 F4AER>= .

367
7 A B97 = : ?9VW<>?9?C< 36: � B91 A q87 A�G < 365 ? Y]7 =ZV A&<@? ,(Y]7C3 pEA : . 36:�BH1 A ?vE 7 AEA : 54:/B <>R < B = 7C7 <SG6AE? B$" A

7 A Y A 7�BH3&BH1 A q A 7 < 3 F�F 587 < :8;JX�1 <FE 1 = Y]7 =SV A^<@? ,(Y]793 pGA : . =Z? BH1 A , � < B9B A 7 F 547 = B < 36: . 3:4 B � 1 A

Y]7 =2E B < 36: 3SY�354 6�3:9 _ X�1 A 7 A 3�9 <>? BH1 A BH3ZB =ZR G <>F4A 3+q R>= . - =bE Z B <>VWAoa�<>? 5 ?CAEF BH3 V AE=Z? 587 A

BH1 AJE 36:/B < :d5 < B . 3ZY�BH1 A q RQ= . - =2E Z B 354>6�3�9 � t VWAj= : ? BH1 = B^BH1 A q R>= . - =bE Z 1 =Z? :43 � < BCB A 7 �4=

RQ= 7C; A 7 354 6�3:9 < : F4<FEE= B AG? BH1 = B V 367 A � < B9B A 7)1 = q4q A : ?�F 547 < :4;�BH1 A q RQ= . - =2E Z B � 1d5 ?,=�?CV =ZR@R>A 7

354 6�3:9 < : F4<DEj= B AE?&V 3Z7 A 793 - 5 ? B9: AE?C? Y]367 = E 36:/B < :d54365 ? q RQ= . - =2E Z B � 1 A A a�q A 7 <@V A :/B 5 ?9AE?

A t6t6t#7 Aj=SR><FpE= B < 36: ?G� B91 A q =bE Z A B R 3 ?9?[<>? q A 7CY]367 V AGF 7 = : F 3 VWR . X < B91 BH1 A ; <DGZA : E 1 = :4: AER8A 797C367

; B " A EE= : ?9AGA Y]793 V �[< ; B PVBDACA = ? 143.X ? B91 = B	X�1 A : = RQ= 7C; A 7#q47936q�367(B < 3Z:�3ZY�BH1 A G�<@F4A 3 <>?

Ej=2E 1 AEF � BH1 A 793 - 5 ? B9: AE?C?W<@? < : E 7 Aj=Z?CAEF'= : F B91 A � < B9B A 7 F 547 = B < 36: <>? 7 AEF 5 EEAEF B �)< ; B;P@BSACA -

? 143.X ? BH1 A � < BCB A 7 F 547 = B < 36: X < B91 F8<DW A 7 A :/B q =bE Z A B R 3 ?C? 7 = B A B 	 : - 3ZB91 EE=Z?9AG?E� BH1 A q47C36q 3 ?9AEF

�4� L =ZR ;63Z7 < B91 V R>AE=ZF4? BH3 ?9V =ZR@R>A 7 � < BCB A 7 F 547 = B < 3Z:'B91 = :'q47 AGT a EE=2E 1 < :8; ?C< : EGA < B ?CAER>A�E B

Y]7 =ZVWAE? B93 - AJEj=bE 1 AEF BH3 V = a <@V <DpEA B91 A 793 - 5 ? B9: AE?C? B

	 : B91 A q47 AE?9A : EEA 3ZY�: A BYX 367[Z E 3Z:4; AE? B < 36: � BH1 A E 36:4; AG? B < 36: F 547 = B < 36: Ej= : R>=Z? B 3 GZA 7

? 3 VWA 54:4q87 AEF8<FE B = - R@A B <@V A R�?vEE=ZR>A B " 547 < :4; BH1 A E 36:4; AE? B < 36: =ZR@R q =bE Z A B ?�= 7 AmF4AGRQ= . AGF ��= : F

BH1 A - = : F X <>F B91 F 7936q ? BH3 pEA 793 B �[< ; B:P@BSACA E�? 183/X ? BH1 A 7 AG? 5 R B ? X�1 A : - 3SBH1 BH1 A�E 1 = :4: AER

E 36:8; AE? B < 3Z: = : F B91 A E 36:4; AG? B < 36: F 547 = B < 36: _ F4A :43ZB AEF -/. ?>A a 3 E�E 547 ? 7 = : F 3 VWR . B ?>A[Y]3 R@R 3.X ?

_2O



= : A a�q�36: A :/B <Q=ZRUF4<@? B97 < - 58B < 36: X < B91 VWAj= :W3SY
�
A B " A B AG? B,BH1 A 7C3 - 5 ? BH: AG?9? X < BH1mBYXX3 EE=2E 1 A

?vE 1 AGV AG? X < B91 F8<DW A 7 A :/B GS=ZR 5 A 3SY
�
A B �[< ; BhP@BSACA E�? 143.X ? B91 = B < : - 3SBH1 ?[E 1 AEVWAE?G� B91 A � < B9B A 7

F 547 = B < 36: < : E 7 Aj=Z?CAE? X�1 A :
�
A - A�E 3 VWAE?�RQ= 79; A B � 1 <@? <@? B9795 A =Z? � < BCB A 7 <@?�V 367 AWR@< Z AER . BH3

1 = q4q A : X�1 A : : A BYX 367[Z E 36:4; AE? B < 36: - A7E 3 V AG?�?9A�GZA 7 A _ R>=Z? B R 36:4; A 7 a B ��?�A a�q A7E B AEF � B91 A

q4793Zq 3 ?CAEF'�8� L$=ZR ;6367 < BH1 V 3658B9q A 7CY]367 V ? q47 AGT a Ej=2E 1 < :4; =ZR ;63Z7 < B91 VW? X < B91 F4<SW2A 7 A :/B
�
A B

� 1 A 7 AG? 5 R B ?�? 143.X AGF < : �[< ; B2P@BSACA G6A 7 < Y . BH1 A^A�W A7E B <DGZA : AG?9? 3ZY�36547 F4A T : < B < 36: 3ZY�793 - 5 ? BH: AE?9?

E 7 < B A 7 <>= F4A�GZAER 3Zq AGF Y]367 �4� L =ZR ;6367 < BH1 V B

� 
 � � ��� � � � � � ��� �

	 : B91 <>?ME 1 = q8B A 7 � BYX 3�:43 G6AGRX= q4q4793 =2E 1 AE? Y]367�q47C38a . EE=2E 1 < :4;�3SY G <>F8A 3 = 7 A q47 AE?9A :/B AEF Y]367

- 3SBH1%BH1 A ^�3 � : A BYXX367[Z ?�= : F - AE? B RNA�W 367CB : A BYXX367vZ ? _ A B ; B � BH1 A 	 :/B A 79: A B a B � 1 A G <@F4A 3

Ej=2E 1 < :4;mq A 7(Y]367 V = : EGA�<>?!VWAj=S? 547 AEF F4<SW2A 7 A :/B R . < : BH1 AE?9A : A BYXX367vZ A : G�< 7936: V A :dB ?E�4< B A B � Y]367

^�3 � : A BYXX367vZ ?E� BH1 A�VWA BH7 <FE 3ZY < :/B A 7 AG? B <>? BH1 A : A BYX 3Z7vZ - = : F X <>F B91 E 3 ? B � X�1 <@R>A BH1 A 7C3 R

- 5 ? BH: AG?9? 3ZY E 3Z:dB < :d54365 ? q RQ= . - =2E Z = ; =Z< : ? BXq 3 367X: A BYXX367vZ E 36: F8< B < 36: ?`<>?!V 367 A�<>V q�367CB = :/B

< : - AE? B RNA�W 367CB[: A BYXX367vZ ? B � 1 A 7 A Y]367 A BH1 A EE=2E 1 < :4; =ZR ;Z367 < BH1 VW? ? 14365 R>F - A!F4AG?9< ;Z: AEF�=2E�E 367 FVR

< :4; R . B " A =SR>? 3 AEV q41 =Z?C<FpGAEF B91 = B ? 3 VWA 7 AE? 3Z547 EGAE?E��? 5 E 1 =Z?IEER><@A :/B F4A7E 3 F4A 7 - 5 W A 7 ?9<DpEA

= : F R><@V < B AGF q47C38a . Ej=2E 1 A�? q =2EGAZ� = 7 A&=ZR>? 3 E 7 < B <DEj=ZR Y]367 B91 A�F4AG?9< ;Z: 3ZY G�<@F4A 3 EE=2E 1 < :8; =ZR ;63 R

7 < BH1 VW? B " A q4793Zq 3 ?CAEF BYXX3 Ej=2E 1 < :4; =SR ;6367 < B91 V ?G�S�4� ^ = : F��4� L�� Y]367 ^�3 � = : F - AE? B R�A-W 3Z7CB

: A BYXX367[Z ?G� 7 AG? q A7E B <DGZAER . B �4� ^ Ej= :�7 AGF 5 EEA B91 A : A BYXX367vZ E 3 ? B�3ZY - = : F X <>F BH1�7 AE?9A 7 GS= B < 36:

: Aj= 7 36q8B <>V =ZR>R . = : F 7 AE\ 5 < 7 AE? = ?9V =ZR@R1EER><@A :/B - 5 W A 7 ?9<FpGA B93 =2E 1 <@A�GZA�< B �4�8� L Ej= : < : E 7 AE=Z?9A

BH1 A q RQ= . - =2E ZW793 - 5 ? B9: AE?C? X�1 <@R>A :43ZB G�< 3 RQ= B < :8;&B91 A EGR><@A :/B - 5 W2A 7 ?C<FpEA - 5 F ; A B B L 3ZBH1 �4� ^

_C_



= : F �4� Ls=ZR ;Z367 < BH1 VW? q47C3 G�<@F4A ;63 3 F ?[Ej=ZR>= - <>R@< B . Y]367�q87938a . ? q =2EGAW=ZF � 5 ? B VWA :/B ��= : F R 3/X

E 3 V q R@A a < B . Y]367�q47C3.a . 36: R@< : A 36q A 7 = B < 36: ? B � 1 A q47C3.a . Ej= : Aj=Z?C<>R . 7 AGF 5 EEA �S< : E 7 AE=Z?9A B91 A

Ej=2E 1 A ? q =2EEA Y]367 =�G <>F8A 3 3 -�� A�E BHX�1 <>R@A ? B <>R>R)V =S< :/B =Z< :+BH1 A ;Z3�3 F q A 7CY]367 V = : EEA q47C3 G�<@F4AEF

-/. BH1 AG?9A =ZR ;Z367 < BH1 VW? B

L 3ZBH1 �8� ^ = : FO�8� LK=ZR ;63Z7 < B91 VW? = 7 A F4AG?9< ;Z: AEF Y]367 Ej=2E 1 < :4; =+?C< :4; R@A G <>F8A 3 3 -�� A�E B

X < B91 = q47 A R�=ZR@R 3 Ej= B AEF EE=2E 1 A ? q =2EEA B 	 :%BH1 A ?9< B95 = B < 36: B91 = B B91 A BH3SB =ZR�Ej=2E 1 A ? q =2EGA <>?

R><@V < B AEF2� B93 F4A B A 7 V < : A 143.X V 5 E 1 EE=2E 1 A ? q =2EEA =ZR@R 3 Ej= B AEF BH3 AE=2E 1 G <>F4A 3�BH3 V = a <>VW<FpGA

BH1 A 3 GZA 7 =SR>R q A 7(Y]367 V = : EGA	Ej= : - A�= : < :/B A 7 AE? B < :8; 7 AG? 36547 EEA�=ZR@R 3 Ej= B < 36:Wq4793 - R>AGV _ A B ; B � * `2` �

Or_ � PC` � _2c � o A . B a B � 1 A q47C36q�3 ?9AGF�Ej=2E 1 < :4; =ZR ;63Z7 < B91 VW? _ �4� ^ = : F �4� L!a`< :�BH1 <>?X� 1 = q8B A 7

= 7 Am< : F4A q A : F4A :/B 3ZY = : . 3ZB91 A 7 Ej=bE 1 A�? q =2EGA =SR>R 3 Ej= B < 3Z: VWA7E 1 = : <>?CV ?G�)= : F Ej= : - A 5 ?9AEF

< : E 3Z: � 54: E B < 3Z: X < BH1 BH1 AEV B � 1 A�Ej=2E 1 A B = - R>AmF8AE?vE 7 < - AGF < : � A7E B < 36: P@B K�B K Ej= : - A 5 ?9AEF

BH3 T : F BH1 A BH7 =ZF4A-R 3 W ? - A BYX AEA : B91 A	Ej=bE 1 A�? q =2EEA&= : F BH1 A Ej=2E 1 < :4;mq A 7(Y]367 V = : EGA Y]367 Aj=2E 1

< : F8<DG <>F 5 =ZR G <>F8A 3 ?9AG\ 5 A : EGA B

_2`



� �	� �M�	� � �

�I&/�:��� ��� �H&/� � � �7
<�/
<� 6N4
�

� 7C3 V _ P@B]P a!= : F _ P@B]O a X A ; A B

� �
�
_�� a �

����� ����
� � _�� a , A 5 ��� &

� � _�� a � 	 _'& a 6 � , &�5 � 5 �
_ P@B r A a

�
A�Ej=ZR@R BH1 A F4A T : < B < 3Z: 3SY ��0#1'243 < : _ PVBQ` a B 	 Y & 57��0#1'243 � Y]793 V BH1 A�?9A�E 36: FkEj=S?9AW< : _ P@B r A a �

X A 1 =8G6A V = a8 �� �
�
_�� aC" � V = a8 �� � _�� a#"d� B91 A 7 A Y]367 A EE=2E 1 < :8; = Y]7 =ZVWA $ _'& a - A Y]367 A ��0#1'243

Ej= : 7 AEF 5 EEA B91 A 7 AE\ 5 < 7 AEF - = : F X <@F BH1 ��� B � 1 A 7 AGF 5 E B < 36: <>? � � � 	 _'& a 6 ��0#1'243 _ :43ZB A B91 = B

BH1 <@?�=Z?C? 5 VWAE? ��0#1'243 7 AEV =Z< : ? BH1 A^?H=ZVWA^= Y B A 7 EE=2E 1 < :4; $ _<& a
� 183/X A�GZA 7,BH1 A D,7C36q�3 ?9< B < 3Z: ? B <>R@R

143 R@F4?)< Y ��0#1'243 E 1 = :4; AG? A a EGA q8B B91 = B)BH1 A = - ? 3 R 58B A GS=ZR 5 A 3SY � � <@?)?CV =SR>R>A 7 BH1 = : 	 _'& a 6 ��0#1'243 a B

� - G < 365 ?9R . < Y & @ ��0#1'243 � Ej=2E 1 < :4; BH1 = BmY]7 =ZVWA�EE= :4:43ZBW7 AEF 5 EGA BH1 A V = a <>V 5 V 3ZY � � _�� a

X�1 <FE 1�3 E7E 587 ? - A Y]367 A & B

�I&/�:��� ��� �H&/� � �%�8
*�/
<� 6 e
�

� 793 V _ P@BSA o a � X A Zd:43.X BH1 = B�X < BH183658B^BH1 A q41 . ?C<FEE=ZR - 5 W A 7 ?C<FpEAME 36: ? BH7 =S< :/B � � � _�� a X 3Z5 R>F

A a EEAGAEF � � 2 � B � 1d5 ? BH3 q47 A-G6A :dB�BH1 A - 5 W2A 7&3 GZA 7 � 3.X � B91 A�?9A 7 G6A 7 = : F!� 367�q47C38a . 1 =Z? BH3

7 AGF 5 EEA BH1 A B97 = : ?CV <@?9?C< 36: ? q AEAGF _ � _�� a9a�= B _ 3Z7 - A Y]3Z7 Aoa � � 2 � B 
 3.X A-G6A 7IX A =Z?C? 5 VWA B91 A

7 AGF 5 E B < 36:O3ZY � _�� a <>?�=S?W?CV =SR>R!=S? q�3 ?C?9< - R>A � ? 3 B91 = B EER@<>A :dB - 5 W2A 7 <@?�=ZR X = . ? Z A q8BWY]5 R@R

��)+��
 . � ��� , ���	��. 
�"
� ���#��
������	� ,!� .�� � ��
#�/� ���	�	��,'����� ���)�,� � "#
�� � � ��� ���)�� �� 
#�'��
��	� ��
���� ���'��,�-�� � �
��-�"�"����	.).���-��)
���� ����� �)�)���'. � 
 .�.�
���� %�.�� ���'� � ����� ���)�� ����!. �	����� � � �!�%�����/-'./� �������'
�� ����� �����)��
#����"
���

_ o



F 547 < :4; BH1 A q A 7 < 3 F = 793654: F � � 2 �
� B � 1 A 7 A Y]367 AZ�^= BWB <>VWA � � 2 � � � � _�� am=ZR>? 3 7 Aj=2E 1 AE? B91 A

V = a <@V 5 V�� � � _�� � 2 � a � � � 2 � B

L A7EE= 5 ?9A 	 _�� � a @ t = : F � � 2 � � �� � �S< B <>?PAE=Z? . B93 ?CAEA BH1 = BPBH1 A 7 A,V 5 ? B A a <>? B � �� 2 � � � � 2 �
? 5 E 1 B91 = B�� � _�� �� 2 � a � � � 2 � B � 1 <@? VWAj= : ? � � _�� a 7 AE=2E 1 AE? � � 2 � = B = : AE= 7 R@<>A 7,B <@V A � �� 2 �
F 5 A BH3mB91 A&< : E 7 Aj=S?9A 3ZY#	 _�� � a B

� 3Z7 �� � 5 � � � �� 2 � � X A Z :83/X Y]793 V _ P@BSA o a �

� � _�� a � ��� _�� a � 	 _ �� � a , _ P@B rZr a

� 367 � �� 2 � �A� 5 � � 2 � � � � _�� a 7 AEV =Z< : ? Y]5 R@RU= B � � 2 � _ =Z? BH1 A�= - 3 G6A#=Z?9? 5 V q8B < 36: a B " A#=ZR@? 3

1 =8G6A � � _�� � 2 � a � ��� _�� � 2 � a � � � 2 � � 367 ��@ � � 2 � � Y]7C3 V _ P@BDA2A a X A Zd:43.X B91 = B

� � _�� � 2 � � A a � � 
 ��� � (�
��� ( � _�� a � � 
 ��� � (

�
�
� ( 	 _�� a

� � � 
 ����
��� ( � _�� a �

� 
 ����
��� ( 	 _�� a�� � � _�� � 2 � � A a � 	 _�� � 2 � � A a

� � � _�� � 2 � a � � _�� � 2 � � A a � 	 _�� � 2 � � A a

� � � 2 � � � _�� � 2 � � A a � 	 _�� � 2 � � A a

� ��� _�� � 2 � a � � _�� � 2 � � A a � 	 _�� � 2 � � A a

� ��� _�� � 2 � � A a

� ) � �!"&0 ����. ��� � � ����� ,�-�� � � ��. ��-�"�" ��. � ��.).�
#,�"�� 
�. ��� � �� �

� 
�
 � ���'� ����,�-'. �����$.�. % ,!� . �����)
���� � �����
��� � � �	.�
��*����� ,'-�� �	�	�

` t



� q4q R . < :4;mB91 <>? 7 A7E 587 ?9<SG6AGR . Y]367 =ZR@R � � 2 � �A��5 � � X AIEE= :�; A B

� � _�� a � ��� _�� a , X�1 A 7 A � � 2 � � � 5 � � _ P@B r P a

�[< : =ZR>R . � Y]3Z7 � 5 �� � _ �� � <@? BH1 A BH7 = : ?9VW<>?C?9< 36: B <>VWA 3ZY[Y]7 =ZVWA $ _�� � a9a � 3 - G < 365 ?9R . BH1 A 7 A <>? :43

E 1 = :4; A Y]3Z7!BH1 A - 5 W A 7�BH7 =2EEAS� � � _�� a � �!� _�� a B � 3 V - < : < :4; BH1 AE?9A 7 AG? 5 R B ? X A ; A B _ P@B rZt a B

`@A



Bits

-d tpeakk1

SA(t) : Before 

caching

SA1(t) : After 

caching F(k1)

CA(t) : Before 

caching
CA1(t) : After

caching F(k1)

t0-d tpeakk1

LA(t) : Before 

caching

c
c1

LA1(t) : After 

caching F(k1)

k2

0 t

BW

�[< ;Z547 A P@B]P 	�	�R>R 5 ? B97 = B < 36:W3ZY�D�7936q�3 ?C< B < 36: ACB � 1 A�R 3/X A 7 T ;6547 A�? 143.X ? B91 A�?9R 36q A Y]54: E B < 36: ?
- A Y]367 A�= : F = Y B A 7 EE=2E 1 < :8;*36: A Y]7 =SV A $ _<& ( a � 7 A q47 AG?9A :/B AEF -/. � � _�� a _ ? 3 R><@F R>< : AoaW= : F
� � * _�� a _ FU=Z? 1 AEF R>< : Aoa � 7 AE? q A7E B <SG6AER . B � 1 A 54q4q A 7 T ;6547 A#<@? B91 A�E 367C7 AE? q 3Z: F4< :8; E 5 V 5 RQ= B <DGZA
E 1 = :4: AER�� Y]7 =ZVWA 7 = B A Y]54: E B < 3Z: ? B � Y B A 7 EE=2E 1 < :8; = : , AE= 7 R@<>A 7/. Y]7 =ZVWA - A Y]3Z7 A ��0#1<2B3 �^< B A B �
&)( 5 ��0#1'243 ��V = a! �� � _�� a#" 7 AEF 5 EGAE? Y]793 V 9 BH3 9 ( B � - G < 365 ?CR . � Ej=2E 1 < :4; = , R>= B A 7/.�Y]7 =ZVWA
$ _<&>= a �4< B A B � &>= @ ��0#1'243 �@Ej= :�:43ZB
7 AGF 5 EGA�V = a8 �� � _�� a#"d� X�1 <FE 1�3 E�E 547 ?�= B ��0
1<2B3 B

` r



Bits

t0-d

Bmax= b

b1

b2

tpeaktmax k1k2

SA(t) : Before 

caching

SA1(t) : After 

caching F(k1)

SA2(t) : After 

caching F(k2)

CA(t) : Before 

caching

CA1(t) : After caching

F(k1) or F(k2)

�[< ;Z547 A P@B]K 	 	�R>R 5 ? B97 = B < 36: 3ZY Ej=2E 1 < :4;m36: A Y]7 =ZVWA - A Y]367 A 367 = Y B A 7 � � 2 � B ��� * _�� a!= : F ��� � _�� a= 7 A BH1 A E 5 V 5 R>= B <SG6A Y]7 =ZVWA 7 = B A Y]58: E B < 36: ?�= Y B A 7 Ej=2E 1 < :4; $ _<& ( a�= : F $ _'&>= a � _ F 7 = X�:
< : FU=S? 1 AGF = : F'F 3ZB9B AEF*R@< : AG?fa 7 AE? q A7E B <SG6AER . B � 3ZB A BH1 = Bm36: R . ����� Y]7 =SV A <>? ?CAER>A�E B AEFO< :
Aj=2E 1 EE=Z?9A B 	 Y 	 _'&)( a � 	 _<&?= a#= : F &>=�� � � 2 � � &)( � ��0#1'243 � D,7C36q�3 ?9< B < 3Z: A ? 183/X ? B91 = B
?9AGR>A7E B < :4; $ _<&)( a 367 $ _<&?= a�R>AE=ZF4? B93�BH1 A ?H=ZVWA 7 AGF 5 E B < 3Z:m36: - = : F X <>F B91 ��� B 
 3.X A-G6A 7 � B91 A
E 367C7 AG? q�36: F4< :4; E 1 = :4; AE?�< : � � 2 � = 7 A,F4<SW2A 7 A :/B 	�EE=2E 1 < :8; $ _'&)( a 7 AGF 5 EEAG? � � 2 � Y]793 V � BH3 � (
_�� � � � ( � � � t a
� X�1 <>R>A�Ej=2E 1 < :4; $ _'&>= a)< : E 7 Aj=Z?CAE? � � 2 � Y]7C3 V � B93 � =#_�� � � � = � � @ t a B
� 1 A 7 A Y]367 A�EE=2E 1 < :8; = Y]7 =ZV A - A BYX AEA : � � 2 � = : F ��0
1<2B3�_ A B ; B � $ _<&?= a9a3Ej= : 7 AEF 5 EEA � � 2 � X�1 <>R@A
Z AGA q < :4;WB91 A&?H=ZVWA 7 AGF 5 E B < 36: 36: ��� B

`CP



0 200 400 600 800 1000 1200 1400 1600 1800 2000
0

10

20

30

40

50

 Number of frames in decoder 
 buffer during playback

N
um

be
r 

of
 fr

am
es

 in
 b

uf
fe

r,
 B

(t
)

Time

Number of frames = 2000, Avg. data rate = 2.498 Mbps, d = 2 sec, 
Channel rate = 2.500 Mbps, 

0 200 400 600 800 1000 1200 1400 1600 1800 2000
0

100

200

300

400

500

600

 Number of bits 
 in decoder buffer

N
um

be
r 

of
 K

bi
ts

 in
 b

uf
fe

r

Time

�[< ;6547 A P@Bdc 	�� 7 =2EEA 3ZY EER@<>A :/B - 5 W2A 7 ?C<FpGA�< : : 5 V - A 7�3ZY)Y]7 =ZVWAE?�= : F - < B ? B

t0

B(t)

(a)

:No frame cached.

0 t1
(b)

t1

B(t)

t

)(
1
tBA)(tBφ )(tBφ

�[< ;Z547 A P@B]O 	 _ =/a
	 ��� _�� a � :43�Y]7 =ZVWA <>?�Ej=2E 1 AEF B _ - a
	 � � * _�� a � Y]7 =SV A�$ _�� ( a�<@?�Ej=2E 1 AEF B � 1 AE?9A
T ;6547 AE?#<>R>R 5 ? B97 = B AEF BH1 = B -/. Ej=bE 1 < :4; 36: A Y]7 =ZVWA $ _�� ( a � BH1 A - 5 W A 7
BH7 =2EEAHEj= : - A , R>< Y B AGF .
Y]367 ��� � ( � X�1 A :�BH1 A 7 A&<>? :43 - 5 W A 7 ?C<FpEA&R@<>VW< B = B < 3Z: B

`2K



0 t1 0 t1 t2t0

B(t) After caching 
frame F(t1).

After cache frames 
F(t1) and F(t2).

…

(a) (b) (c)

No frame cached.

B(t) B(t)

:)(tBφ
)(tBφ

:)(
1

tBA

)(tBφ

:)(
2

tBA

)(
1

tBA

tMAX tMAX
tMAXt1 t

…

t

…

BMAX

�[< ;Z547 A PVBd_ 	�� 1 A EER@<>A :dB - 5 W A 7 ?9<DpEA^R@<>VW< B = B < 3Z: <@? ����� � B _ =/a
	 ��� _�� a � :43�Y]7 =ZVWA!<@?�Ej=2E 1 AEF B
_ - a#	 � � * _�� a �6= Y B A 7 $ _�� ( a <>?;Ej=2E 1 AGF B _ Eoa
	 � � � _�� a �Z= Y B A 7 - 3ZB91 $ _�� ( a = : F $ _�� = a�= 7 A Ej=2E 1 AEF B
" < B91 B91 A - 5 W A 7 ?9<DpEA&R><@V < B = B < 36: � BH1 A - 5 W A 7�BH7 =2EEA�= Y B A 7 EE=2E 1 < :8;WY]7 =ZV AG? X <>R@R :43ZB�Y]3 R@R 3.X
BH1 = B < : �[< ; B%P@B]O@B _ - a#? 143.X ? B91 = B EE=2E 1 < :4; Y]7 =ZVWA6$ _�� ( a 36: R . < : E 7 AE=Z?9A � �+* _�� a - A BYX AEA :
� ( 5 � 5 � � 2 � B _ Eoa!? 183/X ? BH1 = B EE=2E 1 < :4;WY]7 =ZVWA $ _�� = a"EE= : R@< Y B - 5 W2A 7
B97 =2EGA Y]367 =ZR>R ��� � =
- A�Ej= 5 ?9A BH1 A 7 A&<>? :43 V = a <>V = q 3 < :/B = Y B A 7 � = B

t
1

t
2
t
3
t
4

B(t)

Ireq

(a)

B
MAX

Cache

frame

t
0 t

1
t
2
t
3
t
4

(b)

B
MAX

Cache

frame

Cache

frame

t
0

B(t)

�[< ;Z547 A P@B]` 	 _ =/a
	)� 7 =2EEA X�1 A 7 A 36: R . % � 1�' <@?�EE=2E 1 AGF = : F B9793658;61 ? 3 E�E 547 = B`B <>VWA � ( = : F �)( B
_ - a#	�� Y B A 7 �4� ^ Ej=2E 1 < :4; B �[< 7 ? B ?9AGR>A�E B^Y]7 =SV AG? - A Y]367 A � ( � - 58B �)( ? B <>R@R 7 AEV =Z< : ? BH1 A�?9=ZV AS�
F 5 A BH3�B91 A V = a <>V 5 V q Aj= Z = B � = �[F 7 = X�: < : F 3ZB9B AEF R>< : A B �#A a B ?9AGR>A�E B Y]7 =ZVWAE? X < BH1 < :
* � =-,B�)(/. BH3 < : E 7 AE=Z?9A 7C3 - 5 ? BH: AG?9? Y]3Z7 �)( B

`rc



0 20 40 60 80
0

1000

2000

3000

4000

5000

6000

7000
(a): Peak Bandwidth

Percentage of video being cached

B
an

dw
ith

, K
bi

ts
/s

ec
on

d

(1): Proposed SCQ algorithm
(2); Prefix caching

0 20 40 60 80
0

10

20

30

40

50

60

70

(b): Maximum buffer usage

Percentage of video being cached

M
by

te
s

(1): Proposed SCQ algorithm
(2); Prefix caching

�[< ;Z547 A P@B o 	 _ =/a�� 1 A - = : F X <>F B91 _ ��� _�0 a � ?CAEA _ PVBd_ aCa B91 = B�1 =Z? B93 - A 7 AE?CA 7 G6AEF2�:G B ? B B91 A
q A 7 EGA :/B = ; A 3ZY4B91 A�G <>F4A 3 - AEA : Ej=2E 1 AGF B _ =/a
	;L 3ZB91 BH1 A q47C36q 3 ?9AEFW�8� ^ = : F q47 AGT a Ej=2E 1 < :4;
Ej= :�7 AGF 5 EGA ��� _�0 a ?C<>VW<>RQ= 7 R . =S?^V 367 A q 3Z7CB < 36: 3ZY�BH1 AMG <>F8A 3�1 =Z? - AEA : Ej=bE 1 AEF B _ - a
	�� 1 A
V = a <@V 5 V - 5 W A 7 ?9<FpGAZ� � � 2 � � 7 AE\ 5 < 7 AGF = B BH1 A�EGR><>A :/B�B93 =bE 1 <>A-G6A B91 A Ej=2E 1 < :4;
q A 7CY]367 V = : EEA
< : _ =6a B

0 20 40 60 80
0

5

10

15

20

25

30

Percentage of video cached in proxy

N
um

be
r 

of
 fr

am
es

 in
 c

lie
nt

 b
uf

fe
r

(a): Robustness  U = min[ Bf(t) ]

(1): Proposed SCB algorithm
(2): Prefix caching

0 20 40 60 80 100
15

20

25

30

35

40

45

Percentage of video cached in proxy

N
um

be
r 

of
 fr

am
es

 in
 c

lie
nt

 b
uf

fe
r

(b): Robustness  Ua: average of  Bf(t)

(1): Proposed SCB algorithm
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(b): Robustness (U) vs channel error

20% of the video is cached

(1): Proposed SCB algorithm
(2): Prefix caching
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Figure:  PSNR of "No Rate Control" vs. "Rate Control" (Lagrange iteration)
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Turn around   = 360 sec
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Channel Rate = 19.20 Mbps
Turn around   = 360 sec
Prefetched    = 240 frames
Total frames   = 240 K
Avg. rate per frame  = 5.91K −− 27.72Kbps
Time period  = 10000sec

Top to bottom : Quantization step INCREASES
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